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Effects of Extreme Events on the Residual Circulation for Tampa Bay, Florida 
Monica Wilson 
ABSTRACT 
A numerical circulation model of Tampa Bay, Florida is used to simulate the flow 
field and tidal residual circulation for 2001-2004.  This model is used to investigate the 
effects of extreme events on the residual circulation of the bay.  The three extreme events 
that are used in this study are:  Hurricane Frances, Hurricane Jeanne, and an extreme 
winter frontal passage that occurred on December 26, 2004.  Each extreme event was 
divided into phases that were chosen by wind peaks and times of velocity inflow and 
outflow.  There were three phases to the hydrodynamics effect of Frances on Tampa Bay.  
Hurricane Jeanne and the winter frontal passage each had two phases.  An important 
difference between the three extreme events is the duration of each; Hurricane Frances 
lasted approximately two and a half days, Hurricane Jeanne affected the bay area for 
about twenty-four hours, and the extratropical storm passed within 16 hours.  Winds were 
six standard deviations higher than the 2004 mean (4.06 m s-1) during Hurricane Frances, 
and seven standard deviations higher during both Hurricane Jeanne and the extratropical 
storm.  Water levels reached four standard deviations during Hurricane Frances and the 
extratropical storm, and two standard deviations during Hurricane Jeanne.  The difference 
between these results is due to the timing of each event with the tides, whether it was in 
or out of phase with the tides.  During phase 2 of Hurricane Frances there was a total 
  
 xi
volume inflow of 91002.2 × m3, for an increase of 60% in bay volume.  There was a total 
volume outflow during phase 3 of 91002.1 × m3, a 28% decrease.  During Hurricane 
Jeanne there was a total volume inflow of 91012.1 × m3 (30% increase) and total volume 
outflow of 8100.5 × m3 (14% decrease).  The extratropical storm showed a total volume 
inflow of 91004.1 × m3 (29% increase) and a total volume outflow of 8101.1 × m3 (31% 
decrease).  Though the increase and decrease of volume for each event was different, they 
all had the same affect on the bay, causing changes in the residual circulation over time 
scales of these extreme events. 
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Chapter One 
Introduction 
 An estuary is defined as “a semi-enclosed coastal body of water having a free 
connection to the open sea and within which the sea water is measurably diluted with 
fresh water deriving from land drainage” (Cameron and Pritchard, 1963).  Estuaries are 
regions of transition from rivers to the open ocean and are characterized by the possibility 
of tidal motions from the ocean and gradients of salinity and density associated with the 
mixture of river water and sea water.  The force of gravity on the density difference 
between seawater and freshwater tends to cause vertical salinity stratification and a 
convective flow, known as “estuarine circulation”.  The geomorphology, freshwater flow, 
and tides are all dominant variables in determining salinity distribution and circulation 
within an estuary (Hansen and Rattray, 1966).  Estuaries are traditionally classified 
according to their geomorphology; however, the classification as a sequence of mixing 
types is usually applied to coastal plain estuaries.  Stommel (1951) classified estuaries as 
vertically mixed, slightly stratified, highly stratified and salt wedge estuaries.  Since 
salinity plays a major role in determining the density structure in an estuary, these 
classifications are based on the salinity distributions.  Tampa Bay is an example of a 
vertically well mixed drowned coastal plain river valley.   
Extreme weather events may alter the flushing of the Tampa Bay estuary by 
increasing exchange with the Gulf of Mexico, therefore resulting in a decrease of 
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residence time over the periods of the storms.  In 2004, Tampa Bay was affected by three 
hurricanes, approximately a week apart, in September and an extratropical storm on 
December 26.  The three extreme events chosen for this study are: Hurricane Frances, 
Hurricane Jeanne, and the extreme winter frontal passage in December.  Hurricane Ivan 
was not included in this study because there were no current observations during this 
time.  Extreme events are defined as storms with wind speeds that are two to three 
standard deviations above the yearly mean (4.062 m s-1 in 2004). These events are 
typically 24-48 hours in duration.  The specifics of each extreme event will be discussed 
in later sections.   
Hurricanes are known to impact oceanic systems.  Valle-Levinson et al. (2002) 
studied the response of the lower Chesapeake Bay to Hurricane Floyd.  They used water 
density and velocity data from a 70 day period deployment across the entrance to 
Chesapeake Bay in conjunction with wind velocity and sea level records.  The forcing 
associated with Floyd consisted of northeasterly winds prior to the passage of the storm 
eye, which caused a net inflow over the shallow northern half of the bay entrance and 
outflow in the deep channel to the south of the entrance.  After the passage of the eye the 
winds shifted rapidly to the northwest and peaked at 27 m s-1.  The change of the winds 
coincided with a pulse of freshwater that caused salinity to drop throughout the water 
column of up to 8 units in 1 day.  Wind and river discharge set up a seaward barotropic 
pressure gradient force that drove net outflow everywhere across the entrance to the bay 
allowing no inflow and effectively flushing water out.  It was estimated that 
approximately one-third of the net outflow was caused by wind forcing and two-thirds by 
freshwater discharge.   Walker (2001) studied changes in circulation, water level, salinity, 
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suspended sediments and sediment flux resulting from Tropical Storm Frances and 
Hurricane Georges in the Vermiliona-Atchafalaya Bay during September 1998.   Tropical 
Storm Frances made landfall approximately 400 km west of the study area.  The strong 
and long-lived southeasterly winds resulted in the highest water levels and salinity values 
of the year.  Water levels were high across the coastal bay system, while salinity impacts 
varied spatially.  Hurricane George made landfall 240 km east of the study area, winds 
were from the north on the west side of the storm and reached a maximum of 14 m s-1.  
During a period of strong wind stress, coastal water levels fell, and salinity decreased.  As 
the winds subsided, a pulse of relatively saline water entered Vemilion Bay increased 
salinity from 5 to 20 psu over a 24 hour period.  The results demonstrated that remote 
storm systems can have substantial impacts on the physical process that control 
circulation.  
 Forristall (1980) used wind-driven current measurements off the coast of 
Louisiana made during Hurricanes Carmen and Eloise in 1975 and incorporated them 
into a numerical model.  Near-surface waters on the continental shelf off Louisiana are 
usually strongly stratified by river runoff in the summer.  The passage of hurricanes 
provides the energy to mix the surface layer down to a depth between 30 and 45 m.  
During this time a two-layer current system develops, with the mixed layer responding 
more directly to the wind shear than the bottom layer.  The two-layer system was 
modeled by parameterizing the mixed layer with a relatively high eddy viscosity and the 
lower layer with a much lower eddy viscosity.  Comparisons of the model and the storm 
measurements showed that the model was reasonably accurate.   
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Li et al. (2006) showed how Hurricane Isabel affected Chesapeake Bay.  They 
used a numerical model prediction and real-time observations to show a slab-like 
sloshing in Chesapeake Bay.  The high winds of Hurricane Isabel forced the entire water 
column up the Bay at speeds in excess of 1.5 m s-1.  After the storm passed, the Bay 
relaxed with a rapid movement of the entire column in the opposite direction.  The strong 
mixing caused by the winds removed the stratification in the water column and caused 
the bay to temporarily transform from a partially mixed estuary into a vertically 
homogeneous one.   
Weisberg and Zheng (2006a) used a finite volume coastal ocean model with 
flooding and drying capabilities to investigate the storm surge responses for Tampa Bay 
as well as to simulate Hurricane Charley in the Charlotte Harbor vicinity (2006b).  The 
model-simulated surge agreed well with the observations at four stations for which data 
existed which allowed them to use the model to explain the surge evolution and to 
account for the inlet breach that occurred at North Captiva Island.  They found that even 
though Charley was a category 4 hurricane, the surge associated with it was only of 
nominal magnitude and the damage was primarily wind-induced.  They explained the 
relatively small storm surge on the basis of the direction and speed of approach, point of 
landfall, propagation up the bay axis, and the collapse of the eye radius as the storm came 
ashore.  
Wilson et al. (2006) studied the changes in circulation in Tampa Bay due to 
Hurricane Frances.   They used ECOM-3D (discussed later in the background) and 
observation data to simulate how the hydrodynamics of Tampa Bay and the exchange of 
water with the Gulf of Mexico was altered during the passing of Hurricane Frances.  
  
5 
They found that the high winds associated with Hurricane Frances directly affected the 
circulation of the bay by increasing wind stress, and these changes in circulation 
produced a significant flushing of Tampa Bay.  As Hurricane Frances approached it 
displaced a total volume into the bay of 1.5 billion m3 and -895 million m3 out of the bay 
as it left the area.   
Ross (1973) and Goodwin (1980, 1987, and 1989) were the first to do numerical 
modeling of the Tampa Bay circulation with two-dimensional, vertically-averaged 
studies.  They assumed that the baroclinic circulation may be neglected since Tampa Bay 
is well-mixed.  The models where able to achieve reasonable results with sea level 
observations and tidal currents, but they were not able to address fluxes over time scales 
larger than the tidal cycle since they omitted the mean circulation by gravitational 
convection.  The first attempt at a three-dimensional model for Tampa Bay was done by 
Galperin et al. (1991) who used the Princeton Ocean Model of Blumberg and Mellor 
(1987).  In these simulations, forcing by rivers, tides, and winds were considered.  They 
demonstrated that the baroclinicity related to the horizontal salinity gradient is enough to 
drive a non-tidal circulation by gravitational convection.  They were able to illustrate that 
baroclinicity is important in Tampa Bay model studies by comparing the barotropic and 
baroclinic runs using the same model.  They also found that the salinity fields changed 
between the barotropic and baroclinic runs, proving that it is gravitational convection that 
controls the distribution of salinity in Tampa Bay (Weisberg and Zheng, 2006b).  Vincent 
et al. (1999) integrated two real-time oceanographic data acquisition networks, the 
Physical Oceanographic Real Time System (PORTS) and the Coastal Ocean Monitoring 
and Prediction System (COMPS), into the Blumberg-Mellor ECOM-3D model of Tampa 
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Bay.  These systems were used to drive a three dimensional hydrodynamic circulation 
model of Tampa Bay in a real-time nowcast-forecast mode.     
In this study the instantaneous and residual (will be used interchangeably with 
non-tidal), meaning demeaned and de-tided, circulation in Tampa Bay are examined 
using a realistic numerical model of the estuarine circulation in Tampa Bay and hourly 
velocity in the shipping channel measured by an ADCP at the Sunshine Skyway Bridge.  
The model is used to simulate the flow field and tidal residual circulation for the year of 
2004 (See Meyers et al. (2007) for details).  Instantaneous circulation in Tampa Bay is 
obtained from hourly model fields of archived model output.  Once the tides were 
removed using a least square analysis, calculations of the residual circulation fields at 
every model grid cell is performed.  Total volume changes are calculated to yield the 
volume of water that was being flushed in and out of the bay.  The non-tidal maximum 
in/outflow for each extreme event was studied and compared to discuss the effects of 
each extreme event on the circulation of Tampa Bay. 
A Lagrangian method was used to examine the flushing of the bay during 
September of 2002 and 2004 as well as December of 2002 and 2004.  It is based on 
particle tracking, where neutrally buoyant dimensionless particles are advected by the 
model velocity field (Burwell, 2001).  Particle retention will be examined for the months 
of September and December of 2004 and compared to the same months from 2002.  2002 
was chosen for the comparison because there were no extreme events that occurred 
during the months of September and December during the year.  Particle tracking was 
used to simulate the routes most likely taken by different water parcels during each 
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extreme event.   These simulations were helpful in viewing how much new/old water 
entered/exited the bay during the three extreme events.   
 The high winds that occurred during these extreme events altered the circulation 
of the bay.  Additionally, the residual circulation is dominated by the horizontal 
overturning of the bay waters driven by density differences between the mouth and the 
head of the bay created by the inflow of freshwater.  The wind driven response is 
consistent throughout the water column, therefore, the focus will be on the near surface 
flow which will be used as a representative for the water column.  The high winds cause 
surface waters to flow in and out of the bay at faster velocities therefore altering the 
circulation of the bay.   The focus of this study is to use a model to simulate changes in 
the residual circulation caused by extreme events. 
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Chapter Two 
Background 
Tampa Bay 
Tampa Bay is located on the central part of the west coast of Florida.  It is the 
largest estuary and port in Florida and is also the seventh largest U.S. commercial port in 
terms of tonnage handled (Estevez et al,. 1985).  It is a significant marine resource for the 
State of Florida and provides major ports of commerce, supports a variety of fisheries and 
offers important recreational opportunities for Florida’s residents and visitors (Weisberg 
and Williams, 1992).  It also accommodates the community needs of power generation, 
fresh water consumption and sanitation requirements (Weisberg and Zheng, 2006b).  
Tampa Bay begins at the Gulf of Mexico near 82.50° W and 27.60° N, and extends in a 
northeast direction approximately 53 km (Figure 1).  The bay has natural channels that 
follow the main core of the Y shaped estuary with typical depths of up to 10 meters.  The 
estuary has two branches and lower and middle stem segments that are referred to as Old 
Tampa Bay, Hillsborough Bay, Lower and Middle Tampa Bay (Lewis and Whitman, 
1985).  Tampa Bay covers approximately one thousand square kilometers and has an 
average depth of approximately four meters (Goodwin, 1987).  The width of the bay is 
about 15 km at its midsection.  Dredged navigation channels lead to many of the main 
port facilities.  The depths of the channels have increased to 15 meters to maintain the 
minimum depth required for shipping to occur in the bay (Zervas, 1993).  The bay has a 
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Figure 1.  Map of Tampa Bay. 
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maximum depth of about 27 meters in Egmont Channel near the mouth of the bay (Figure 
2).  Tampa Bay has a circulation that is 3-dimensional and time dependent.  Tides, winds, 
and rivers all have a significant effect on the circulation (Galperin et al., 1991, Weisberg 
and Zheng, 2006b). 
Tampa Bay sea level and current variations are controlled by the tides.  Tides in 
the bay consist of mixed semidiurnal and diurnal tides, with a tide range of less than a 
meter at the mouth to over a meter at the head.  The tides experience two high and two 
low unequal tides during a period of one day.  The tidal wave entering the bay can be 
characterized as a progressive wave, which transitions into a standing wave in 
Hillsborough Bay.  Tidal epochs indicate that the tide travels from the mouth of the bay 
to the head of Old Tampa Bay and Hillsborough Bay in approximately 4.6 hours and 3.2 
hours (Zervas, 1993).   
Ocean water from the Gulf of Mexico enters through the mouth located in the 
southwest portion of Tampa Bay.  With the amount of freshwater inflow into the bay, its 
shallow depths, and strong tidal mixing, the salinity is well mixed vertically.  Although 
the bay is vertically well mixed, it does have significant horizontal salinity gradients due 
to the distribution of fresh water inflow.  These horizontal gradients and surface wind 
forcing maintain the fully three-dimensional circulation of the bay (Li, 1993).  Freshwater 
from the north together with saltwater coming from the south produce a strong horizontal 
salinity gradient (Wilson et al., 2006).  Estuaries that are vertically homogenous but have 
strong horizontal salinity gradients have been shown to have baroclinic density driven 
flows, which contribute to the residual circulation (Pritchard, 1956).   
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Figure 2.  Model bathymetry map of Tampa Bay. 
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The bay has major sources of fresh water that are located primarily on the east 
and south sides.  The Alafia and Hillsborough rivers drain into the bay from the 
northeast, near the head of the bay.  The Little Manatee enters on the eastern side and the 
Manatee on the south near the mouth of the bay.  Using flow rates from table 4 in Meyers 
et al. (2007), these four rivers account for 27% of the average total freshwater input to the 
bay. 
The salinity of the bay is regulated by the fresh water sources and the Gulf of 
Mexico water at the open boundary.  Evaporation also plays a role in removing water 
from the bay, causing the salinity of the bay to increase.  Salinities in the bay vary from a 
high of approximately 35 at the entrance of the bay to a low of 20 ppt or less in the 
northern and eastern parts of Hillsborough Bay and the northwest part of Old Tampa Bay 
(Boler, 1992).  Salinities in the bay are lowest in the summer, when the freshwater inflow 
is the greatest, and highest in the winter.  The vertical stratification is strongest in 
Hillsborough Bay (Zervas, 1993).  The average total freshwater into Hillsborough Bay is 
61029.3 ×  m3 d-1 (Meyers et al., 2007).  The lower salinities at the head of the bay and the 
higher salinities at the mouth of the bay cause an axial pressure gradient force to exist 
that drives a non-tidal, gravitational convection mode of circulation, known as estuarine 
circulation (Weisberg and Zheng, 2006b).   The residual circulation speed can vary by a 
factor of 3 and alter in direction (Meyers et al., 2007).   
Water temperatures throughout the bay range from 11.7°C in the winter to 32.8°C 
in the summer (Boler, 1992). 
At the Sunshine Skyway, tidal currents are nearly uniformed with depth, and have 
peak amplitudes ranging from 50 cm s-1 during a neap cycle and 100 cm s-1 during a 
  
13 
spring cycle (Li, 1993).  The tidal currents have also been observed to have maximum 
speeds on the order of 1.0 to 1.5 m s-1 in the Egmont Channel and the channel leading to 
Old Tampa Bay (Vincent, 2001).   
Burwell (2001) found the residual circulation in Tampa Bay appears to be a mix 
of classical two layer flow over the shipping channels, with denser ocean water flowing 
in at depth, and fresher water flowing out of the bay near the surface and along the 
relatively shallow sides of the bay.  Flushing of the bay occurs through the deep 
navigational channels running northeast/southwest from the mouth.  Residence times in 
this area were found to be short on the order of 15 days to one month and increase up to 
over three months in regions outside the channels near the edges of the bay and in 
persistent eddies.   
 
ECOM-3D 
The Estuarine and Coastal Ocean Model (ECOM-3D) used here was developed 
by Blumberg and Mellor (1987) and Blumberg (1990).  It is a version of the Princeton 
Ocean Model (POM) that has been modified and adapted for Tampa Bay applications by 
Galperin et al. (1992) and Vincent et al. (1997).  ECOM-3D is a three-dimensional 
numerical model for the near-shore environment (Burwell, 2001).  It is a non-linear finite 
difference model that uses a curvilinear-orthogonal grid in the horizontal and a bottom 
following sigma coordinate system in the vertical (Burwell et al., 1999).  ECOM-3D 
solves the three-dimensional time dependent equations for conservation of mass, 
momentum, heat, and salinity.  It uses a split time step for the solution of the baroclinic 3-
D mode and the barotropic 2-D mode and has an embedded second moment Mellor-
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Yamada turbulence closure model to provide vertical mixing coefficients.  This mode 
splitting separates the external fast surface gravity wave calculation from the internal 
wave calculation for computational economy (Blumberg and Mellor, 1987).  The 
horizontal diffusion is provided by the Smagorinsky (1963) formulation.  The grid for 
Tampa Bay consists of 70 by 100 cells in the horizontal and 11 layers in the vertical and 
has a minimum depth of 1.3 m MLLW.  
Open boundary conditions at the mouth are provided by the measured 
temperature, salinity (provided by the Environmental Protection Commission of 
Hillsborough County), and sea surface elevation collected by instrumented towers at the 
mouth of Tampa Bay on Egmont Key and Anna Maria Island.  The model has free 
surface boundary conditions which include wind stress and mass flux.  The mass flux and 
salinity are also included for rivers discharges that are located around the border of the 
bay (Vincent et al., 1997).  Vincent (2001) compared model water levels, salinities, and 
currents to observed data. He found that the model does an excellent job of reproducing 
water levels all around the bay with the mean absolute error being less than 0.025 meters.  
The mean error (a measure of the overall bias of a prediction) for salinity at all levels was 
less than or equal to 0.23 ppt and the model results and salinity data had a positive 
correlation of 0.93.  Specific details and the methods and analyses of these results can be 
found in Vincent, 2001.   Meyers et al. (2007) updated the model to years beginning in 
2001.  Model output for 2004 is used in this study.  
 The main limitation of the model relevant to the extreme events (defined when 
winds are three standard deviations above the mean) is the lack of wetting-drying 
capabilities.  The strong winds during these extreme events can cause the model water 
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depth to go negative in shallow areas of the bay.  To solve this problem the northwest 
lobe (Old Tampa Bay) of Tampa Bay was given a minimum bathymetric depth of 1.8 m 
MLLW for all three extreme events.  During Hurricane Jeanne the winds were also 
limited to 20 m s-1.   
 
Hurricane Frances 
 Hurricane Frances developed from a tropical wave that moved westward from the 
coast of Africa on August 21, 2004.  On August 26th it turned west-northwestward and 
continued in intensification until August 28th when it reached a wind speed of 115 knots 
(59 m s-1) and became a category 4 hurricane.  The hurricane turned westward on August 
29th and tropical storm warnings and hurricane watches were posted for the northeastern 
Caribbean.  The hurricane weakened due to upper level shear, but remained a category 3 
hurricane through the 30th.  On August 30th Frances began to re-intensify and the winds 
attained 125 knots (64 m s-1) on August 31st and regained category 4 status.  At this time 
the National Hurricane Center was predicting that the hurricane would make landfall near 
Vero Beach over the Labor Day weekend.  The hurricane moved northwestward on 
September 1-2 with maximum winds remaining at 120-125 knots (62-64 m s-1).  During 
the next two days, Frances weakened due to a moderate westerly vertical shear that 
developed later on September 2nd.  It became a category 3 hurricane with winds of 100-
110 knots (51-57 m s-1) over the central Bahamas on September 2-3, and a category 2 
hurricane with winds of 85-90 knots (44-46 m s-1) over northwestern Bahamas on 
September 3-4.  Wind gusts of hurricane strength were felt in the Bahamas for more than 
12 hours.  Dry air wrapped into the system which created an extremely large eye almost 
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70 miles across.  On September 5th Frances made landfall near Vero Beach as a category 
2 hurricane.  It continued to move slowly west northwestward across central Florida near 
Bartow by 2 pm EDT and northeast of Tampa by 8 pm EDT, when it was downgraded to 
a tropical storm.  The storm entered the Gulf of Mexico before midnight and continued to 
move northwestward.  It made landfall for a second time on September 6th in the Florida 
Big Bend near Tallahassee as a tropical storm (Beven, 2004; Alshiemer, 2004).  Its full 
path can be seen in figure 3. 
 Frances caused an enormous amount of flooding, including freshwater overland 
and rivers and tidal storm surge.  Wind damage was confined to numerous downed large 
limbs and power lines in West Central Florida.  Most wind damage was noted during 
feeder bands during the afternoon and evening of September 4th.  Some bands produced 
wind gusts of 61 knots (31 m s-1) near the Pinellas and Pasco county shoreline, others 
produced small tornadoes in Polk County.   
 Once Frances entered the Gulf of Mexico near New Port Richey on September 
5th, winds shifted to the southwest and blew at a steady pace of 22-30 knots (11-15 m s-1) 
with frequent gusts of 35-43 knots (18-22 m s-1).  The winds lasted approximately 12 
hours causing above normal water levels along south-facing shorelines and within Tampa 
Bay.  Surge values of 1.22 to 1.83 meters were reported from Cedar Key to Ozello and 
0.61 to 1.22 meters farther south from the Pinellas coast and Tampa and St. Petersburg 
shorelines through Hernando County.   
  On September 6th the daily flow rates according to USGS at the Alafia, 
Hillsborough, Little Manatee, and Manatee rivers were 133.37 m3 s-1, 45.31 m3 s-1, 18.04 
m
3
 s-1, and 64.85 m3 s-1, all large increases from the average 2001-2003 model flows 
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Figure 3.  Complete path of Hurricane Frances. 
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(Alafia: 12.76 m3 s-1, Hillsborough: 8.89 m3 s-1, Little Manatee: 7.95 m3 s-1, and Manatee: 
0.21 m3 s-1) according to Meyers (2007).  As of September 9th almost all rivers in west 
central and southwest Florida were flooded.  Seven waterways reached major flood 
status; three were moderate with one nearing major status, and two were minor but had 
the potential to become moderate status (SRH, 2004a).   
Rainfall ranged from 5 to 10 cm over southwest Florida, 10 to 15 cm in Manatee 
and southern Pinellas County, 15 to 20 cm in Hillsborough, Hardee and western Polk 
counties, and 20 to 30 cm in Pasco County.  The heavy rains and poor drainage caused 
flooding in several low lying areas around and north of Tampa Bay (SRH, 2004a).    
 
Hurricane Jeanne 
 The path taken by Hurricane Jeanne was similar to the path of Hurricane Frances 
and was the fourth hurricane to hit Florida during the 2004 hurricane season.   On 
September 7th Jeanne formed from a tropical wave that moved from Africa to the eastern 
tropical Atlantic Ocean.  A tropical depression formed from the wave on September 13th 
as it approached the Leeward Islands.  From September 13th through the 18th, Jeanne 
moved slowly west-northwest with speeds of 5-10 knots (2.5-5 m s-1).  It strengthened to 
a tropical storm on September 14th while it moved over the Leeward Islands.  On 
September 15th it slowly moved over the Virgin Islands and the center moved inland over 
southeastern Puerto Rico with maximum surface winds reaching 60 knots (30 m s-1).  As 
Jeanne passed through the Mona Passage and made landfall on the Dominican Republic it 
became a hurricane with winds of 70 knots (35 m s-1).  The slow movement of Jeanne 
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across the Caribbean caused extensive amounts of rainfall which resulted in freshwater 
flooding and mudslides killing thousands in Haiti.  
While Jeanne was causing lots of rainfall over the Caribbean, Hurricane Ivan 
moved over the Gulf of Mexico and inland on the southeastern United States.  Jeanne 
took a northerly course across the Turks and Caicos Islands on September 18th then high 
pressure at mid levels strengthened to the north causing Jeanne to make a slow clockwise 
loop and regain hurricane strength.  By September 23rd Jeanne completed the loop and 
had strengthened to a hurricane with winds up to 85 knots (40 m s-1).  On the 24th Jeanne 
moved over its own previous track and encountered cooler waters caused by upwelling 
from the hurricane, causing its winds to decrease from 85 knots (40 m s-1) to 70 knots (33 
m s-1).  As the hurricane moved westward away from the upwelled water, the winds 
increased to 100 knots (51 m s-1) as the center moved over Abaco Island and then Grand 
Bahama Island.  On September 26th Jeanne made landfall on the east coast of Florida 
with the center of the eye crossing the coast at the southern end of Hutchinson Island.  
Maximum winds at landfall were estimated at 105 knots (54 m s-1).  As Jeanne moved 
across central Florida it weakened to a tropical storm while north of Tampa and then 
weakened to a tropical depression about 24 hours later while moving across central 
Georgia (Lawrence and Cobb, 2005; Paxton, 2004).  Hurricane Jeanne’s full path can be 
seen in figure 4.   
The primary difference between the paths of Hurricane Frances and Jeanne was 
that Jeanne moved at a steady 10 knots (5 m s-1) across central Florida, limiting the bad 
weather to 24 hours.   
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Figure 4.  Complete path of Hurricane Jeanne. 
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The strong winds caused minor to moderate damage to structures that were poorly 
constructed and mobile/manufactured homes.  Similar damage to Frances were downed 
tree limbs and power lines, uprooted  shallow-rooted trees, and damage to residences and 
businesses, which included lost roof shingles, stripped siding, and scattered damage to 
carports and roofs within mobile home parks.  In west central and southwest Florida, 
gusts were at their highest in Polk and Highlands Counties, but also along the Gulf coast 
from Pinellas to Citrus County.  Gusts were recorded in excess of hurricane force in Polk 
County, eastern Hillsborough County, and along the Pinellas and Pasco County coastline.   
USGS daily flow rates for September 27th were 95.71 m3 s-1 for the Alafia river, 
22.17 m3 s-1 for the Hillsborough river, 11.81 m3 s-1 for the Little Manatee river, and 
45.31 m3 s-1 for the Manatee river.  These daily flow rates were not as high as those seen 
in Frances, but are still much larger than the average 2001-2003 model flows. 
Coastal flooding was less of a problem with Jeanne than with Frances.  The 
duration of the southwest winds produced more widespread problems from the Tampa 
Bay area northward, which induced significant beach erosion on the Suncoast’s barrier 
islands.  Minor flooding was seen at Cedar Key where tides switched from more than 
1.22 meters below normal to more than 0.91 meters above normal hours after the winds 
had shifted, and along the northern Pasco County coast, where water levels were up to 3 
feet above normal as well (SRH, 2004b).   
 
December 26, 2004 Extratropical Storm 
 
 The night after Christmas, Tampa Bay residents were reminded of Hurricane 
Frances and Jeanne.  The same storm system that hit South Texas twenty-four hours 
  
22 
earlier made its way towards Tampa Bay.  Temperatures around the area dropped 
tremendously.  In Levy County temperatures decreased to the 40’s (Farenheight, 4 °C) on 
Christmas Eve and for most of Christmas day, in Tampa it was in the low 50s (10 °C).   
Christmas day consisted of steady rains, with heavier bands producing 5 to 10 cm of rain.  
 Gale force winds with gusts above storm force (48 knots, ~24 m s-1) were 
observed in the eastern Gulf by mid evening on Christmas night 2004.  It was reported 
that surface pressure was just above 1000 mb, while pressures at nearby buoys were 
substantially higher.  By midnight, the chilly weather gave way to steadily rising 
temperatures.  Between 07:00 and 08:00 UTC winds from the south rose to 30 knots (15 
m s-1) near the coast and tides built up to 0.61 m above normal.  Soon after came the low 
center of the storm, which crossed from St. Petersburg through south Tampa downtown, 
then towards eastern Hillsborough County.  Winds calmed for a brief moment in a small 
area near the center of the storm just before bursting from the west with values between 
26-39 knots (13-20 m s-1) and gusts as high as 62 knots (32 m s-1). 
 The gusty winds caused water to slam along the coast between Manatee and 
Pasco Counties.  There was overwash, minor coastal flooding, and surges of 0.91 to 1.83 
meters.  The storm surge was minor due to the tides going out of the bay during this time.  
Most of the damage included power outages, roofs blown off of mobile homes, boats 
were shoved off their moorings, marinas sustained some damage along the Manatee 
County shoreline, and trees were snapped and few were uprooted.  Most of the damage 
occurred near shorelines or in areas exposed to higher wind gusts (SRH, 2004c). 
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Chapter Three 
Data Collection and Methods 
Data Collection 
Data for Tampa Bay is gathered by two systems:  Tampa Bay Physical 
Oceanographic Real Time System (PORTS) and the Coastal Ocean Monitoring and 
Predication System (COMPS).    
 PORTS was installed between 1990 and 1992 by the National Ocean Service 
(NOS) and has been operational since June of 1992.  It has been housed and maintained 
by the University of South Florida (USF) since 1993 through cooperative agreement with 
the NOAA National Ocean Service.  PORTS is a real-time data acquisition and 
dissemination system that consists of tide stations with anemometers (wind sensors) 
distributed around the bay and current meter stations along the main ship channel.  The 
data are archived by USF and NOS and are used here for evaluation of model fields and 
as meteorological inputs to the model (Burwell et al., 1999).  Detailed information on the 
Tampa Bay PORTS system can be found on the NOAA/NOS/CO-OPS website at 
http://tidesandcurrents.noaa.gov/tbports/tbports.shtml?port=tb. 
PORTS consists of three Acoustic Doppler Current Profilers (ADCPs), four water level 
gages, eight wind sensors, an atmospheric temperature and barometric pressure sensor, 
packet radio transmission equipment, a data acquisition system, and an information 
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dissemination system (Figure 5).  The data are updated every six minutes by line-of-sight 
radio telemetry.  
COMPS is also housed and maintained at USF and consists of several near real-
time stations with various meteorological and oceanographic sensors along the West 
Florida coast (Figure 6).  It provides additional data needed for a variety of management 
issues and consists of an array of instrumentation both along the coast and offshore, 
combined with numerical circulation models.  Instrumentation consists of several buoys 
with current meters and meteorological packages that are located on the West Florida 
shelf offshore and coastal towers with water level, temperature and salinity, and 
meteorological sensors located near shore along the west coast of Florida.  Two COMPS 
coastal stations are located near the mouth of Tampa Bay and provide real-time input for 
the open boundary to the Hindcast model that runs at USF.  They provide the open 
boundary conditions for all simulations and test runs of ECOM-3D.  The Tampa Bay 
COMPS stations report to USF via radio every 6 minutes (Burwell, 2001).  All data is 
automatically transferred to the National Data Buoy Center, where they are put into the 
NOAA operational data stream with all the standard NOAA quality assurance/quality 
control procedures. 
The ADCP used in this study is the only one of three ADCPs that is currently 
active and used in PORTS.  This ADCP was the only one to have data during all three 
extreme events.  The ADCP located at Old Port Tampa recorded currents during 
Hurricanes Frances and Jeanne but was not working during the December extratropical 
storm.  The ADCP is a Teledyne/RD Instruments Work Horse 1200 kHz system.  It is 
located in the main ship channel beneath the center span of the Sunshine Skyway Bridge 
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Figure 5.  Map of Tampa Bay PORTS stations. 
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Figure 6.  Map of COMPS stations. 
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at 27° 37.22’ N and 82° 39.35’ W.   The instrument sits in approximately 17 m of water 
and has 18 bins (12 clean bins), each approximately 1 m in height.  It has a blanking 
distance of about 44 cm above the 52 cm high instrument, making the first bin about 1 m 
off the bottom of the bay.  The data are telemetered to USF every six minutes and are 
continuously quality controlled by watch standers at the NOAA National Ocean Service 
through dedicated network connections.  All the data are made available in real time to 
the maritime community and to the general public at 
http://tidesandcurrents.noaa.gov/tbports/tbports.shtml?port=tb.  The axial (along the main 
axis of the bay) current is calculated by projecting the measured velocity vector onto the 
local angle of the ship channel.  The local angle of the bay at the site of measurement is 
62 degrees from true north.  The ADCP was not operational from September 7 through 
September 24 and November 8 through December 2. 
To accomplish the overall baseline circulation of Tampa Bay for the years 2001-
2004, the model had to be updated through 2004.  Data used for the boundary conditions 
of the model for the year 2004 were gathered from some of the PORTS/COMPS sites and 
others from different groups and services described below.  Daily precipitation rates from 
three different stations (Tampa, St. Petersburg, and Sarasota airports) for 2004 are 
obtained from the National Weather Service website.  Data from each site were obtained, 
compared, and then daily averages were computed to get a uniform daily precipitation 
value for the model.  Monthly measured salinity data from site 93 (just south of Egmont 
Key) were collected and provided by the Environmental Protection Commission of 
Hillsborough County (See Boler, 1992, for a discussion).  Sea surface elevation was 
obtained from Egmont Key and Anna Maria Island at the mouth of Tampa Bay and from 
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St. Petersburg from PORTS stations EGK, ANM, and 8726520.  Winds from the Cut-C 
Lower Rear Range Marker (CCUT) instrument in the center of the bay (PORTS station 
m01010) were used uniformly across the model domain.  The use of a single wind vector 
from the CCUT tower was justified by comparing wind speed and direction from five 
National Weather Service sites around Tampa Bay.  The five sites included Albert 
Whitted Airport, Clearwater International Airport, Tampa Bay International Airport , 
MacDill Airforce Base, and Sarasota/Bradenton Airport.  The comparison shows that for 
the months of September and December 2004 (Figure 7) the timing and direction of the 
winds at all the sites are alike, even during the extreme events when wind speed and 
directions changed drastically over short periods of time.  The wind speeds from the 
airport locations are slightly smaller than those observed from the CCUT site.  This is 
possibly due to the CCUT monitoring site being in the middle of the bay where there are 
no buildings or other objects to cause obstruction and differences in surface roughness 
between land and water. 
Daily stream flows from USGS are used to provide river inflow.  Interpolation of 
nearby rivers is done to estimate the stream flow of the un-gauged rivers.  For the rivers 
that have gauges the data is downloaded and is either interpolated to fill in small gaps 
(less than 2 days) or a ratio of surrounding rivers is used to fill in larger gaps (greater than 
2 days).  Daily discharge from 4 wastewater treatment plants in Tampa Bay are also 
included for a total of 36 freshwater point sources (Figure 8).  Locations of each model 
freshwater point source are shown on table 1. 
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Figure 7.  CCUT wind speeds and directions versus five airport sites around Tampa Bay. 
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Figure 8.  Map of model freshwater point sources (in red). 
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Table 1.  Locations for each model freshwater point source (Meyers et al., 2007). 
 
Grid Location Name Flow Area Source Gauge 
I J 
 
(m3s-1) (sq mi)  
59 65 Delaney Creek 0.39 23.7 Delaney 
59 59 Archie Creek 0.27 16.4 Delaney 
61 53 Bullfrog Creek 2.11 40.3 Bullfrog 
18 87 Rocky Creek 1.62 35 Rocky 
4 81 Allen Creek 0.2 8.4 Sweetwater 
8 92 Lake Tarpon 1.41 60.3 Sweetwater 
27 81 Sweetwater Creek 0.87 37.3 Sweetwater 
8 86 Alligator Creek 0.21 8.9 Sweetwater 
43 79 Hillsborough River 8.89 650 Hillsborough 
65 56 Alafia River 12.76 418 Alafia 
57 39 Little Manatee 7.95 222 Ltl Manatee 
44 78 Sulphur Springs 0.76 0 Sulphur Spg 
51 72 Ybor City Drain 0.16 9.7 Delaney 
5 78 Long Branch 0.22 9.4 Sweetwater 
13 90 Double Branch 0.71 30.6 Sweetwater 
9 92 Safety Harbor Drain 0.19 7.9 Sweetwater 
9 87 Mullet Creek 0.07 3 Sweetwater 
31 59 Peninsula 1 0.31 18.8 Delaney 
42 61 Peninsula 2 0.31 18.8 Delaney 
8 73 Mangrove Bay 0.34 14.7 Sweetwater 
16 44 North Bayous 0.58 24.8 Sweetwater 
59 48 Big Bend Bayou 0.17 10.1 Delaney 
15 36 South Bayous 0.61 26.1 Sweetwater 
57 45 Apollo Beach Canal 0.09 5.6 Delaney 
54 43 Wolf Branch 0.65 12.5 Bullfrog 
47 35 Cockroach Bay 0.78 14.8 Bullfrog 
54 26 Terra Ceia Bay 2.62 49.9 Bullfrog 
66 24 Ward Lake Outfall 3.66 59.5 Ward Lake 
66 26 Lake Manatee Discharge 0.21 0 Lake Manatee 
65 75 Tampa Bypass Canal 4.1 0  
65 75 Falkenberg Recovery 0.25 0  
52 28 Piney Point 0.02 0  
52 65 Curren Waste Water TP 2.4 0  
6 82 Clearwater WWTP 0.24 0 
 
5 79 Largo Waste Water TP 0.33 0 
 
15 38 River Oaks WWTP 0.22 0 
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Methods 
 Each event was divided into phases to simplify and organize the analysis.  The 
phases were chosen to capture times of minimums and maximums of elevation during 
each event.  The duration, maximum and minimum wind speed, mean wind direction, and 
total volume flow of each phase for each event is shown in table 2. 
The echo amplitudes for each beam and bin of the ADCP were averaged and 
plotted as a function of range (Figure 9), which is approximately 1 m for each bin, to find 
which bins contain good data.  As the range increases the echo amplitude decreases due 
to the reflecting particles getting farther away from the ADCP.   At a range between 12 
and 14 m the echo amplitude increases rapidly, which is caused by the sea-surface 
reflection due to the discontinuity of the air-sea interface.  This increase in echo 
amplitude indicates reverberation from the sea surface and renders the last 6 bins 
unusable; therefore, only the first 12 bins will be used in this study.  Bin 12 will be used 
to represent near-surface currents at the site; however, the ADCP sits in 17 m of water in 
the shipping channel just north of the Sunshine Skyway Bridge. 
Evaluation of the model was done a few different ways.  Due to the model grid 
being closely aligned to the local axis of the bay, only the axial velocity variable was 
examined.  Velocities for the near surface, mid-depth, and bottom of the bay from the 
ACDP and model are compared. ADCP bins 2, 8, and 12 were used.  Bin 2 is 
approximately 2 m off the bottom of the bay, bin 8 starts at about 8 m off the bottom, and 
bin 12 is near the surface approximately 12 m off the bottom (at relative depths 0.88, 
0.53, and 0.29, respectively).  The model depth at the grid cell corresponding to the 
ADCP site is 10.36 m deep, creating possible mismatches when comparing ADCP data  
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Table 2.  Time duration, maximum and minimum wind speeds, mean wind direction, and total 
volume flow for each phase during all three extreme events. 
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Figure 9.  ADCP echo amplitudes as a function of range for all four beams. 
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and model results.  For the model levels 5, 6, and 8 were used (at relative depths 0.25, 
0.5, and 0.875, respectively).    
A cubic spline interpolation was performed on the ADCP data to get the observed 
data and model results at grid point (35, 25) on the same hourly time step.  Once the 
ADCP data were interpolated, the correlation was calculated between the instantaneous 
ADCP data and the model results. The correlation was computed from July 1 through 
September 7 because this time frame had the longest record of continuous ADCP data.  
For the instantaneous model and ADCP data, r2=0.94 at all depths and for the residual 
model and ADCP data, r2=0.64. 
Model velocity from grid point (35, 25) (this grid point represents the location of 
the ADCP) was used to find the best method to isolate the extreme events.  The model 
velocity is de-meaned, a least square analysis is done to get the tidal components, and 
then a low-pass filter is applied.  For the least square analysis, the mean and eight of the 
main tidal components of Tampa Bay (M2, K1, O1, S2, P1, N2, Q1, and K2, Table 3) 
were fitted and subtracted from the data for the second half of 2004 (July-December).  A 
25-hr low-pass filter is selected to remove residual tidal signals.  This method was used 
on the velocity and elevation model output, however, the magnitude of the extreme 
events decreased significantly after the 25-hr filter was applied (Figure 10).  Since the 
extreme events did not last longer than 48 hours, applying a 25-hr filter caused the 
magnitudes of the extreme events to be smoothed and decreased dramatically.  Therefore 
a low-pass filter is not used after de-tiding.  The mean and tides are subtracted from the 
model variables at each grid cell to obtain the residual values throughout Tampa Bay.       
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Table 3.  Tidal constituents gathered from www.tidesandcurrents.noaa.gov, St. 
Petersburg station 8726520, used in least square analysis. 
 
Constituents Amplitude (m) Epoch (°) Period (hr) 
M2 0.175 197 12.4206 
S2 0.057 211.7 12.0000 
N2 0.03 191.3 12.6583 
K1 0.167 49.9 23.9345 
O1 0.155 37.7 25.8193 
Q1 0.029 26.2 26.8684 
P1 0.049 57.6 24.0659 
K2 0.025 215 11.9672 
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Figure 10.  Model velocity and elevation (black) overplotted with the non-tidal 
component (blue) and a 25-hr low pass filter (red). 
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The root mean square (RMS) velocity was calculated at every grid point by 
squaring the model velocities at every point in time.  Once the velocities were squared 
they were averaged over the specific time period for each event (Table 2) at every grid 
point and then the square root of the average was taken.   An overall RMS average for 
each layer in the model was calculated by averaging the RMS values at every grid cell in 
a specific layer.  The same procedure was used to calculate RMS averages for the 
monthly averages of September/December 2001-2003, the tidal component (predicted 
flow from the eight main tidal components during the time period of each event), the total 
component (instantaneous velocities for each event), and for each phase of the events.  
Phases for each event are defined as periods with complete inflow or outflow.  The 
residual axial currents from the model were used to find the maximum inflows and 
outflows for each extreme event from hourly time series plots. 
Particle tracking was done using Burwell’s (2001) Lagrangian method, where he 
developed the algorithms used in the model to advect passive particles according to the 
three-dimensional model velocity field.  The code records the grid cell containing each 
particle, the relative position of each particle within the cell, and the total number of 
particles in each cell at any given time.  It also takes into account the staggered grid and 
uses the nearest horizontal neighbors for each velocity component to linearly interpolate 
to the position of each particle.  In this study particle tracking was done by filling every 
grid cell with 20 particles.  The model was run for a few days surrounding each extreme 
event.  Each particle has a specific identification number and its path was tracked through 
time.  Once the particles leave the bay, they are not allowed to re-enter.  The paths of 
specific particles initialized at different areas in the bay indicate water exchange that 
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occurred during these extreme events. Particle counts (total number of particles in each 
cell through time) for the months of September and December of the years 2002 and 
2004 were calculated using the model as well.  September and December of 2002 were 
used as a comparison for September and December of 2004. 
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Chapter Four 
Results 
Hurricane Frances 
There were three phases in the passage of Frances near Tampa Bay.  The first 
phase began at midnight on September 5, 2004, 18 hours before the first wind peak as 
Frances approached Tampa bay with winds to the S and SE (Figure 11).  During this 
phase sea level remained below MSL.  The second phase began on September 5 at 19:00 
UTC as the eye passed nearby and the winds turned toward the E and NE, and the second 
wind peak occurred.  During this phase the residual currents were strongly positive 
raising sea level to 1.2 m above MSL at St. Petersburg.  In the third phase (beginning 
September 6 at 11:00), after Frances left the area, the positive residual flow into the bay 
was replaced by a strong negative (seaward) flow as the wind and sea level relaxed 
toward normal.  
 The following results for Hurricane Frances were first discussed by Wilson et al. 
(2006).  Model velocity and the ADCP data for the days surrounding Frances correspond 
well to one another (Figure 12).  During phase 1 the near surface instantaneous axial 
velocity in the model and ADCP shows an inflow and outflow most likely due to the 
tides.  During phase 2 instantaneous near surface velocity measured by the ADCP reaches 
a high of about +0.7 m s-1 and +0.9 m s-1 in the model.  The winds decrease over the next  
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Figure 11.  Meteorological data for the month of September 2004: wind speed (top 
panel), wind direction (middle panel), and water level (bottom panel). 
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Figure 12.  Instantaneous ADCP velocities (dotted line) versus model axial current (solid 
line) during Hurricane Frances.  Yearly mean for each level (thin solid line) and ±σ 
(dashed line) are shown as well. 
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24 hours to 5-10 m s-1 in phase 3 and the near surface axial ADCP velocities reverse to a 
maximum speed near -0.7 m s-1 out of the bay and -0.9 m s-1 for the model.   
The mid-depth axial velocity during phase 1 and 2 goes from -0.4 m s-1 and then 
peaks at +0.6 m s-1 for the ADCP and +0.8 m s-1 for the model.  During phase 3 as the 
winds relax the velocity reverses and reaches a maximum of about -0.65 m s-1 for the 
ADCP and -0.7 m s-1 in the model.  The bottom velocities show the same behavior, 
however, the magnitude of the velocity decreases with depth.  The inflow ranges from -
0.3 m s-1 during phase 1 to +0.5 m s-1 during phase 2 and then reverses to -0.54 m s-1 
during phase 3 in the ADCP. The model shows similar behavior at all three depths. 
In phase 1, the near surface residual current is weak in the ADCP and the model 
(Figure 13), but the model shows significant outflow during the first wind peak.  As the 
wind turns in phase 2, the residual near surface current peaks over +0.5 m s-1 in the 
ADCP and +0.7 m s-1 in the model.  This is rapidly followed by the reversal to -0.8 m s-1 
in phase 3.   
Both mid-depth and bottom residual currents show a similar reversal, though the 
magnitudes decrease with depth.  The mid-depth residual velocity in phases 1 and 2 goes 
from about -0.2 m s-1 in the ADCP and -0.3 m s-1 in the model, and then peaks at +0.45 m 
s-1 for the ADCP and +0.6 m s-1 for the model as the wind turns to the NE.  During this 
time the bottom velocity goes from about -0.18 m s-1 to a peak of about +0.45 m s-1 for 
the ADCP and the model.  The bottom also shows a large reversal to -0.5 m s-1 in both 
the ADCP and the model.   
When Frances passed through the bay area, it was in phase with the tides (Figure 
14).  During phase 1 the total model velocity was in the same direction as the tidal  
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Figure 13.  Residual ADCP velocities (dotted line) overplotted with model residual axial 
current (solid line) during Hurricane Frances.  Yearly mean for each level (thin solid line) 
and ±σ(dashed line) are shown as well. 
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Figure 14.  Model velocity (black) overplotted with tidal fit (blue) and the difference 
between the model and tidal fit (red). 
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component, leading to greatly increased volume transport into the bay.  During phase 2 
the model velocity has the same shape as the tidal component, however, the magnitude of 
the velocity has doubled due to the increased winds blowing in the NE direction. At the 
beginning of phase 3 as the winds began to decrease the model velocity and tidal velocity 
began to flow out of the bay.  The magnitude of the model velocity is still greater than the 
tidal velocity due to the excess amount of water that was flushed into the bay during 
phase 2 is flowing out of the bay. 
The velocity in tidal component, which consists of the mean and eight main tidal 
components of Tampa Bay during the three phases of Frances, is weaker than the model 
velocity from September 2001-2003 (Figure 15).  This is possibly due to Frances coming 
in during a neap cycle causing the mean of the tidal component to be lower than the 
averaged September velocities which include a couple of spring cycles.  The tidal 
component does not include winds which are included in September 2001-2003 which 
could affect the mean as well.  During phase 2 as the inflow from Frances came into the 
bay the RMS velocity of the model doubled compared to the average of September 2001-
2003.  At the surface, RMS velocity increased from 0.22 m s-1 to 0.48 m s-1, at mid-depth 
they went from 0.12 m s-1 to 0.24 m s-1, and at the bottom RMS velocities went from 0.07 
m s-1 to 0.15 m s-1.  During phase 3 the outflow RMS velocities were not as strong as in 
phase 2, but were still stronger than the September 2001-2003 and baseline velocities.  
The RMS velocities during phase 3 were 0.28 m s-1 at the surface, 0.17 m s-1 at mid-depth 
and 0.1 m s-1 at the bottom.   
Comparisons between the surface, mid-depth, and bottom of the bay during the 
time of maximum inflow during Hurricane Frances are shown in figures 16, 17, and 18. 
  
47 
 
 
 
Figure 15.  Vertical RMS velocity for all model layers during Hurricane Frances.  
Vertical RMS velocity was calculated for the 3 days during Hurricane Frances (red), the 
tidal component of the same 3 days (blue), for averaged Septembers 2001-2003 (green), 
phase 3 (orange), phase 2 (yellow), and phase 1 (brown). 
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Figure 16.  Maximum surface inflow during phase 2 of Hurricane Frances.  The tidal component is show on the left, the 
total component is in the middle, and the difference between total and tidal components is on the right. 
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Figure 17.  Maximum mid-depth inflow during phase 2 of Hurricane Frances.  The tidal component is show on the left, 
the total component is in the middle, and the difference between total and tidal components is on the right. 
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Figure 18.  Maximum bottom inflow during phase 2 of Hurricane Frances.  The tidal component is show on the left, the 
total component is in the middle, and the difference between total and tidal components is on the right. 
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The tidal flow at the surface and mid-depth show higher velocities (30 cm s-1) in through 
Lower and Middle Tampa Bay.  At the surface the high velocities are near the mouth of 
Tampa Bay due to water flowing through the Egmont Channel, the narrow opening 
between Fort DeSoto and Egmont Key.  In the total flow, current speeds reached a 
maximum of 120 cm s-1 throughout Middle Tampa Bay.  The strongest current speed 
values are seen at the middle of the main channel of the bay and at the mouth of Old 
Tampa Bay (~120 cm s-1). Velocities increased from 15 cm s-1 (in the tidal flow) to 
approximately 60 cm s-1 (in the total flow) in the middle and upper areas of Old Tampa 
Bay and Hillsborough Bay.  The same is seen in the plots at mid-depth (Figure 17) and 
bottom (Figure 18).  In the middle of Old Tampa Bay the tidal current velocities were 
between 30-45 cm s-1 at mid-depth and between 0-30 cm s-1 at the bottom through most 
of the bay. 
The non-tidal (total-tidal) plot shows the effects of mostly the winds and 
freshwater inflow due to the tides being removed from the model output. The inflow of 
water was throughout the entire width of the bay and not just through the main ship 
channel as is seen in the tidal flow.  The surface current velocities are a bit weaker in the 
non-tidal flow than in the total flow, however, the winds still caused surface currents to 
reach a maximum of about 105 cm s-1 throughout Middle Tampa Bay.  The same thing is 
seen in the mid-depth and bottom plots.   
During phase 3 all the water that had flowed into the bay started to flush out and 
sea levels began to reach normal levels.  The tidal (Figure 19) outflow at the surface 
shows that the water escapes the bay at faster velocities (~ 15-30 cm s-1) through the main 
ship channel and the eastern side of the mouth of Old Tampa Bay. In the total and 
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Figure 19.   Maximum surface outflow during phase 3 of Hurricane Frances.  The tidal component is show on the left, 
the total component is in the middle, and the difference between total and tidal components is on the right. 
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difference plots the higher velocities occur in these same areas, with the ship channel 
being the area of maximum velocities ranging from 60 cm s-1 in Middle Tampa Bay to 
105 cm s-1 at the mouth of the bay for the total flow and 45 cm s-1 to 75 cm s-1 in the 
difference plot.  The same patterns are visible in the mid-depth and bottom plots (Figure 
20 and 21).    
 The lowest elevation (relative to mean sea level) seen in the entire bay at the end 
of phase 2 is 1.1 m at the mouth of the bay (Figure 22).  Elevations rose to 1.8 and 2.0 m 
in the northern parts of Hillsborough Bay and Old Tampa Bay.  At the end of phase 3 
(Figure 23) when the winds and elevation relaxed, most of the bay was level with an 
elevation of 0.5 m (with the exception of the east coast of Middle Tampa Bay which was 
at an elevation of 0.4 m) 
The high winds during the second phase of Hurricane Frances caused water from 
the Gulf of Mexico to enter the bay and increased salinities.  Five grid points throughout 
the bay were chosen (Figure 24) to compare salinities in different areas of the bay.  The 
2004 mean salinities for each of these locations are: 32.32 at the mouth of the bay (MT), 
31.34 at the Sunshine Skyway Bridge (SS), 29.39 in Middle Tampa Bay (MC), 28.92 in 
Old Tampa Bay (OTB), and 27.21 in Hillsborough Bay (HB).  Salinities reach a high of 
about 30 ppt at the points near the mouth of the bay, the Sunshine Skyway Bridge, and 
Middle Tampa Bay.  Salinities in Old Tampa Bay and Hillsborough Bay increased 
slightly but did not reach the high values seen at the other three locations (Figure 25).   
Salinities decreased at the Sunshine Skyway Bridge, Middle Tampa Bay, and in Old 
Tampa Bay as phase 3 began and the winds began to relax.  The higher salinity water that 
was pushed into the bay began to flow out.  Towards the end of phase 3, Hillsborough 
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.Figure 20.  Maximum mid-depth outflow during phase 3 of Hurricane Frances.  The tidal component is show on the left, the 
total component is in the middle, and the difference between total and tidal components is on the right. 
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Figure 21.  Maximum bottom outflow during phase 3 of Hurricane Frances.  The tidal component is show on the left, 
the total component is in the middle, and the difference between total and tidal components is on the right. 
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Figure 22.  Baywide elevation at the end of phase 2 during Hurricane Frances. 
  
57 
 
 
 
 
 
Figure 23.  Baywide elevation at the end of phase 3 during Hurricane Frances. 
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Figure 24.  Grid points used to for salinity data at different locations in the bay. 
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Figure 25.  Surface model  salinity at different locations in the bay.  The 2004 mean for 
each location is shown in the thin black line, ± 1σ are shown by the dashed lines, and the 
vertical lines indicate the beginning and end of each phase. 
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Bay had the lowest salinity of about 11 ppt due to the freshwater coming in from the 
rivers.   Surface salinities for the entire bay at the end of phase 2 ranged from between 28 
and 30 ppt at the mouth to 22 and 24 ppt at the northern parts of Old Tampa Bay and 
Hillsborough Bay (Figure 26).  Water with salinities of up to 32 ppt made it up through 
most of Middle Tampa Bay but not entirely across the width of the bay.  Salinities in Old 
Tampa Bay and Hillsborough Bay got up to 26 ppt but were never as high as Middle 
Tampa Bay.  During phase 3 salinities in Middle Tampa Bay lowered to between 24 and 
28 ppt and 26 to 28 ppt across the Sunshine Skyway Bridge (Figure 27).  Salinities in Old 
Tampa Bay ranged between 22 and 26 ppt and Hillsborough Bay ranged from 4 ppt in the 
north to 20 ppt at the mouth. 
Cross sections at four different areas in the bay (Sunshine Skyway, Middle Tampa 
Bay, mouth of Hillsborough Bay, and mouth of Old Tampa Bay) were plotted to view the 
salinity throughout the water column at the end of phase 2 and 3.  At the end of phase 2 
the high salinities of the Gulf of Mexico flushed through the entire water column with 
salinities of 32 ppt across the Sunshine Skyway (Figure 28).  In the middle of Tampa Bay 
the highest salinities (between 28 and 32 ppt) were found in the center of the cross 
section between the two ship channels throughout the entire water column.  Salinities on 
the east coast of Middle Tampa Bay were between 24 and 26 ppt, and between 20 and 26 
on the west coast.  Salinities across the mouth of Hillsborough Bay ranged from 18 ppt 
on the west coast to 24 on the east coast.  The entire water column across the mouth of 
Old Tampa Bay had a salinity of 24 ppt.  At the end of phase 3 (Figure 29), horizontal 
stratification is seen across the Sunshine Skyway with more saline waters (30 ppt) at the 
bottom and less saline (24-28 ppt) at the surface.  Across the Middle Tampa Bay the 
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Figure 26.  Baywide view of surface salinity at the end of phase 2 during Hurricane 
Frances. 
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Figure 27.  Baywide view of surface salinity at the end of phase 3 during Hurricane 
Frances. 
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Figure 28.  Salinity cross sections at the end of phase 2 during Hurricane Frances.  Cross 
sections are from the Sunshine Skyway, Middle Tampa Bay, the mouth of Hillsborough, 
and the mouth of Old Tampa Bay. 
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Figure 29.  Salinity cross sections at the end of phase 3 during Hurricane Frances. 
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salinity ranges from 24 to 26 ppt across the two ship channels, and fresher water (12-22 
ppt) is seen on the east coast of Middle Tampa Bay due to the outflow from the Little 
Manatee River.  Horizontal stratification is also seen across the mouth of Hillsborough 
Bay with salinities off 22 ppt at the bottom and 18-20 ppt at the surface.  Salinities across 
the mouth of Old Tampa Bay remained at 24 ppt throughout the entire water column. 
The high winds caused water to flush into the bay through the entire water column 
and not just near the surface.  The same five points that were used to view the salinity 
(Figure 24) were used to view the velocities throughout the water column at the time 
where model velocities reached their maximum point of inflow and outflow.  At the time 
of maximum inflow, velocities were greatest at the Sunshine Skyway, the mouth of 
Tampa Bay, and in the main channel.  The same pattern is seen in all five locations; 
velocities are highest near the surface due to the wind stress acting on the surface waters 
and lowest at the bottom due to bottom friction (Figure 30).  At the Sunshine Skyway the 
depth average of the vertical profile of horizontal velocity is 0.863 m s-1, the depth 
varying is 0.444 m s-1, and the ratio between the depth average and depth varying is 0.51.  
The values for the depth average, depth varying, and the ratio of the two for all five 
locations in the bay are shown in table 4.  The vertical velocity at the point of maximum 
outflow shows a decrease of velocities as the water was beginning to flush out of the bay 
(Figure 31).  Velocities at the point maximum outflow were greatest at the Sunshine 
Skyway and the main channel.  At the Sunshine Skyway the depth average is -0.804 m s-
1
, the depth varying is -0.123 m s-1, and the ratio is 0.152 (Table 4). 
Particle trajectories were done to help characterize anomalous transport of water 
parcels during each extreme event.  Particles were released at four different locations in 
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Figure 30.  Vertical velocity profiles (thick solid line) at five locations in the bay at the 
time of maximum inflow during Hurricane Frances.   Depth average is shown by the thin 
solid line. 
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Table 4.  Depth average, depth varying, and ration at five different locations throughout 
the bay at times of maximum inflow (top) and maximum outflow (bottom) during 
Hurricane Frances. 
 
    Inflow     
Location (Grid Cell) 
Model 
Depth 
Depth 
Average 
Depth 
Varying Ratio 
Mouth of Tampa Bay (37,17) 5.46 0.645 0.416 0.644 
Sunshine Skyway (35,25) 10.36 0.863 0.444 0.515 
Central Tampa Bay (34,41) 5.3 0.415 0.375 0.903 
Hillsborough Bay (49,57) 4.01 0.126 0.368 2.907 
Old Tampa Bay (20,76) 4.66 0.2 0.31 1.547 
     
     
    Outflow     
Location 
Model 
Depth 
Depth 
Average 
Depth 
Varying Ratio 
Mouth of Tampa Bay (37,17) 5.46 -0.233 0.092 -0.396 
Sunshine Skyway (35,25) 10.36 -0.805 -0.123 0.152 
Central Tampa Bay(34,41) 5.3 -0.362 0.092 -0.254 
Hillsborough Bay (49,57) 4.01 -0.195 0.133 -0.682 
Old Tampa Bay (20,76) 4.66 -0.094 0.081 -0.857 
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Figure 31.  Vertical velocity profile (thick solid line) at the time of maximum outflow 
during Hurricane Frances.  The depth average is shown by the thin solid line. 
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the bay throughout the entire water column; across the mouth of the bay, in the upper 
main channel, and the middle of Hillsborough Bay and Old Tampa Bay.  Particles were 
tracked during the phases of inflow and outflow.  The particles released across the mouth 
of the bay during phase 2 entered Middle Tampa Bay on the east side and only traveled 
half way up Middle Tampa Bay (Figure 32).  Particles released in the northern area of the 
main channel split.  Some traveled into Hillsborough Bay and some into Old Tampa Bay.  
Those released in Hillsborough Bay made their way to the north of the bay.  Some of the 
particles that were released in Old Tampa Bay made their way to the north of the bay and 
some got blocked by the Courtney Campbell Causeway.  During phase 3 (Figure 33) all 
the particles released in Hillsborough Bay, Old Tampa Bay and Middle Tampa Bay 
began to flush out towards the mouth of the bay. 
The high winds and fresh water input that occur during Frances directly impact 
the circulation of the bay.  The changes in circulation produce a significant flushing of 
Tampa Bay.  The model elevation has higher maximum and minimum values than the 
observed data (most likely due to the boundary conditions and model resolution), which 
will cause higher volumes to be calculated using model elevation versus observed 
elevation.  
Using model elevation data at grid point (15, 37) near the St. Petersburg tide 
station 8726520, inflow and outflow volumes were calculated as well as the total volume 
(sum of the volumes at every grid point) for the entire bay.  The difference between the 
minimum (-0.687 m below MSL) and maximum (+1.572 m above MSL) points during 
phase 2 at grid point (15, 37) was 2.25 m (Figure 34).  Multiplying by the model bay area 
( 81054.9 ×  m2) gives a volume increase of 91015.2 × m3.  For the same calculations 
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Figure 32.  Particles released during phase 2.  Particles were released throughout the 
water column at the mouth of Tampa Bay, Middle Tampa Bay, and in the center of 
Hillsborough Bay and Old Tampa Bay. 
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Figure 33.  Particles released during phase 3. 
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Figure 34.  Observed water level from the St. Petersburg station (blue line) and Port 
Manatee station (red line) compared to model data at St. Petersburg (black line) and Port 
Manatee (green line). The top panel represents water levels during Hurricane Frances, the 
middle panel represents water levels during Hurricane Jeanne, and the bottom panel 
represents the Extratropical Storm. Observed water levels are from 
www.tideandcurrents.noaa.gov. 
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during phase 3, the difference in elevation is 1.09 m yielding a volume decrease of 
91004.1 × m3.  The total bay inflow and outflow volume was calculated by summing the 
volumes at every grid point for both the tidal and total components.  For the total 
component, the difference between the minimum ( 91091.2 × m3) and maximum 
( 91094.4 × m3) bay volumes gives a volume inflow of 91003.2 × m3 (Figure 35).  
Dividing the volume change by the mean model volume ( 9106.3 × m3) results in an 
increase of 56% in bay volume.  The volume difference during the time of outflow is 
91002.1 × m3, a 28% decrease.   
The difference of the volume inflow/outflow calculated using elevation at a single 
grid point versus the total volume inflow/outflow of the entire bay is small: 91012.0 × m3 
for the volume inflow and 91002.0 × m3 for the volume outflow.  The volume differences 
of the tidal component were calculated as well to get an idea of the volume change during 
this time without an extreme event present.  During phase 2 the tidal volume change was 
8105.4 ×  m3 and 8106.4 × m3 during phase 3.  The differences between the total and tidal 
bay volume are 91058.1 × m3 during phase 2 and 8106.5 × m3 during phase 3. 
 Using observed data from the water level observations at the St. Petersburg 
gauge, there is a change in water level from -0.51 m at 17:42 UTC on 9/5/04 to a high of 
1.17 m at 14:48 on 9/6/04 leading to a water level change of 1.68 m.  This value is then 
multiplied by the surface area of the bay, 910031.1 ×  m2 (Zervas, 1993), and leads to a 
volume change of 1.73 billion m3.  Dividing the volume change by the mean volume of 
the bay, 91081.3 × m3 (Zervas, 1993), results in an increase of 45% in bay volume.  The 
same calculations are done to find the decrease in bay volume.  Water level reached a 
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Figure 35.  Total model bay volume during Hurricane Frances (top panel), Hurricane 
Jeanne (middle panel) and the Extratropical Storm (bottom panel).  The thick solid black 
line represents the total component of the extreme events and the blue line is the tidal 
component. 
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minimum of 0.360 m at 2:36 UTC on 9/7/04, leading to a decrease in bay volume of 836 
million m3, or a 22% decrease.  The high winds and wave action during this time leas to 
significant vertical mixing.  
 
Hurricane Jeanne 
 Hurricane Jeanne passed through the Tampa Bay area in just over 24 hours. 
Hurricane Jeanne consisted of only two phases and one wind peak.  The first phase began 
on September 26 at 11:00 and lasted about 12 hours.  During this time the winds peaked 
at 25 m s-1 and were in the S and SE direction.  The residual currents were positive during 
this phase, causing sea level to rise to 0.8 m above MSL at St. Petersburg.  In the second 
phase, which began an hour before midnight on September 26, the winds lowered to 8 m 
s-1 and stayed relatively constant in the Eastward direction as Jeanne left the bay area.  
The currents turned from a positive to negative residual flow and sea level lowered to 0.2 
m (Figure 10). 
During phase 1 the near surface instantaneous velocity measured by the ADCP 
reaches a high of about +0.6 m s-1 and +0.8 m s-1 in the model.  (Figure 36).  As the winds 
decreased during phase 2, the near surface axial velocities reversed out of the bay to 
maximum speeds of -0.5 m s-1 for the ADCP and -0.7 m s-1 in the model. 
The mid-depth axial velocity during phase 1 reaches a high of +0.6 m s-1 for both the 
ADCP and the model. During phase 2 the currents are going out of the bay and the 
velocity decreases to -0.5 m s-1 in the ADCP and -0.4 m s-1 in the model.  The bottom 
axial velocities show similar behavior with smaller magnitudes in both the ADCP and 
model. 
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Figure 36.  Instantaneous ADCP (dotted line) velocities versus model axial current (solid 
line) during Hurricane Jeanne.  Yearly mean for each level (thin solid line) and ±σ 
(dashed line) are shown as well. 
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The near surface residual current during phase 1 was relatively weak in the ADCP 
compared to the model (Figure 37).  The ADCP recorded a maximum inflow +0.5 m s-1, 
whereas the model shows a maximum inflow at +1.1 m s-1.  During phase 2, there is a 
maximum outflow of -0.7 m s-1 for the ADCP and -0.9 m s-1 in the model.   At mid-depth 
and bottom the residual currents show the same reversal, however, the magnitudes 
decrease with depth.  
 The mid-depth residual velocity in phase 1 reaches a maximum inflow of +0.4 m 
s-1 in the ADCP and +0.9 m s-1 for the model.  The outflow during phase 2 was -0.8 m s-1 
in both the ADCP and the model.  For the bottom velocity, during phase 1, the ADCP 
peaked at +0.3 m s-1and +0.6 m s-1for the model.  The outflow during phase 2 reached  
-0.55 m s-1 for both the ADCP and the model.   
When Jeanne passed through Tampa Bay it was in phase with the tides.  As 
Jeanne passed the predicted elevations show two highs and two lows from the beginning 
of phase 1 to the end of phase 2, but the model velocities show only one high and one low 
(Figure 38) during this time. During phase 1 as the tides begin to flow out of the bay, the 
model velocities were slowing down but were still positive and flowing into the bay.  In 
phase 2, the predicted tides would have reversed twice and began to flow into the bay and 
then out half-way threw the phase they started to flow out again.   At the end of phase 2, 
the tides and model velocity both have the point of maximum outflow at approximately 
the same time. 
The RMS velocities for the tidal component and September 2001-2003 show 
similar patterns and are very close in magnitude (Figure 39).  During phase 1 as the 
inflow from Jeanne came into the bay the RMS velocity was 0.42 m s-1 at the surface, 
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Figure 37.  Residual ADCP (dotted line) overplotted with model residual axial current 
(solid line) during Hurricane Jeanne.  Yearly mean for each level (thin solid line) and ±σ 
(dashed line) are shown as well. 
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Figure 38.  Model velocity (black) overplotted with tidal fit (blue) and the difference 
between model and tidal (red). 
  
80 
 
 
 
 
 
 
Figure 39.  Vertical RMS velocity for all model layers during Hurricane Jeanne.  Vertical 
RMS velocity was calculated for the 3 days during Hurricane Jeanne (red), the tidal 
component of the same 3 days (blue), for averaged Septembers 2001-2003 (green), phase 
2 (orange), and phase 1 (yellow). 
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0.25 m s-1 at mid-depth, and 0.11 m s-1 at the bottom.  Phase 2 does not have the high 
velocities seen in phase 1, but shows similar RMS velocities as the tidal flow and 
September 2001-2003, 0.23 m s-1 at the surface, 0.14 m s-1 at mid-depth, and 0.06 m s-1 at 
the bottom. 
The tidal flow during phase 1 at all depths shows the tides coming in through the 
center of the main channel with velocities between 30-60 cm s-1 at the surface and mid-
depth, and between 0-30 cm s-1 at the bottom  (Figures 40, 41, and 42).  The high 
velocities seen at the surface near the mouth of the bay during Hurricane Frances are seen 
during Hurricane Jeanne as well.  The total model flow shows the maximum inflow 
current velocities making their way into the bay (NE) through the main shipping channel 
with velocities between 60-90 cm s-1 at the surface and mid-depth, and between 15-45 cm 
s-1at the bottom.  High velocities are also seen at the mouths of Old Tampa Bay (30- 75 
cm s-1) and Hillsborough Bay (30-60 cm s-1 ) at the surface.     
The difference between the total model and the tidal velocities shows the surface 
current velocities are a bit weaker and reach a maximum of 60 cm s-1 throughout most of 
the bay.  Not only do the velocities get weaker but the direction of the flow changes to 
the southeastward.  Velocities weakened to 30 cm s-1 at mid-depth and 15 cm s-1 at the 
bottom.   
As Hurricane Jeanne passed Tampa Bay the inflow that occurred in phase 1 was 
replaced with an outflow during phase 2 (Figure 43, 44, and 45).  During phase 2 at the 
point of maximum outflow the tidal flow shows that the tides were flowing out of the bay 
between 15-30 cm s-1 at the surface.  The total flow for Jeanne at the surface and mid-
depth  show the water following the path of the ship channel with velocities of ~60 cm s-1 
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Figure 40.  Maximum surface inflow during phase 1 of Hurricane Jeanne.  The tidal component is show on the left, the 
total component is in the middle, and the difference between total and tidal components is on the right. 
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Figure 41.  Maximum mid-depth inflow during phase 1 of Hurricane Jeanne.  The tidal component is show on the left, the 
total component is in the middle, and the difference between total and tidal components is on the right. 
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Figure 42.  Maximum bottom inflow during phase 1 of Hurricane Jeanne.  The tidal component is show on the left, the 
total component is in the middle, and the difference between total and tidal components is on the right. 
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Figure 43.  Maximum surface outflow during phase 2 of Hurricane Jeanne.  The tidal component is show on the left, the 
total component is in the middle, and the difference between total and tidal components is on the right. 
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Figure 44.  Maximum mid-depth outflow during phase 2 of Hurricane Jeanne.  The tidal component is show on the 
left, the total component is in the middle, and the difference between total and tidal components is on the right. 
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Figure 45.  Maximum bottom outflow during phase 2 of Hurricane Jeanne.  The tidal component is show on the left, the 
total component is in the middle, and the difference between total and tidal components is on the right. 
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as it flows out of the bay.  Bay wide model velocities ranged from 15 cm s-1 to 60 cm s-1 
at the surface and mid-depth, and 15 cm s-1 at the bottom. The difference between the 
total model and tidal flows shows most of the water moving eastward.  The surface 
outflow velocities range from 0-15 cm s-1 in the main ship channel and 30-60 cm s-1 on 
the east and west coast of Middle Tampa Bay.  Velocities range between 0-30 cm s-1 at 
mid-depth and 0-15 cm s-1 at the bottom. 
 At the end of phase 1 the direction of the winds caused water to be pushed up into 
the bay in the eastward direction.  The lowest elevations are seen at the mouth of the bay 
with a value of 0.5 m and in the northern and western areas of Old Tampa Bay with 
values of 0.2 m and 0.3 m (Figure 46).  The highest elevations are in Hillsborough Bay 
with values ranging from 0.9 m on the west coast to 1.1 m on the east coast.  As the 
winds subsided at the end of phase 2 (Figure 47) elevation throughout the bay began to 
lower to values between 0.1 m and 0.5 m.  In Old Tampa Bay values lowered between 
0.1-0.3 m, 0.2 m in Hillsborough Bay, and 0.5 m at the mouth of the bay. 
The Gulf of Mexico water that came in during Hurricane Jeanne increased salinities at the 
mouth of the bay and the Sunshine Skyway, however these high salinities are not seen in 
the northern part of Middle Tampa Bay (Figure 48).  At the mouth salinity increased to 
about 29 ppt and 30 ppt at the Sunshine Skyway during phase 1.  In Middle Tampa Bay 
salinity increased to about 24 ppt.  As the currents turned and started to flow out of the 
bay during phase 2 salinities lowered in Middle Tampa Bay (22 ppt) and the Sunshine 
Skyway (25 ppt).  Salinities in Hillsborough Bay and Old Tampa Bay stayed relatively 
constant throughout phase 1 and 2 at 20 ppt, respectively.  At the end of phase  1, 
salinities throughout the entire bay ranged from between 26 and 28 ppt at the mouth, 
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Figure 46.  Baywide elevation at the end of phase 1 during Hurricane Jeanne. 
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Figure 47.  Baywide elevation at the end of phase 2 during Hurricane Jeanne. 
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Figure 48.  Surface salinity at different locations (Figure 57) in the bay.  The 2004 mean 
for each location: the thin black line, and ± 1σ: the dashed lines. 
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20 and 24 ppt at the top of Middle Tampa Bay, and between 18 and 24 ppt in Old Tampa 
Bay and Hillsborough Bay (Figure 49).  At the end of phase 2 salinities began to lower.  
In Middle Tampa Bay salinities lowered between 18 and 22 ppt.  Across the Sunshine 
Skyway Bridge salinities are between 22 and 26 ppt.  Salinities in Old Tampa Bay and 
Hillsborough Bay did not change (Figure 50). 
The salinity cross sections for Hurricane Jeanne are a bit different than those for 
Hurricane Frances.  At the end of phase 1 the winds were at 20 m s-1 and were pointing 
eastward.  At the Sunshine Skyway, salinities go from 28-30 ppt on the left side to 24-26 
on the right side (Figure 51).  The salinity of the water decreases in Middle Tampa Bay, 
salinities range from 20-26 ppt.  The highest salinity (~24-26 ppt) is found above the 
right branch of the main ship channel.  Across the mouths of Hillsborough Bay and Old 
Tampa Bay salinity stayed in the range of 20-24 ppt.  At the end of phase 2, vertical 
stratification is seen across the Sunshine Skyway with more saline waters (26 -30 ppt) at 
the bottom and less saline (22-26 ppt) at the surface (Figure 52).  Salinities range from 
20-24 ppt across the surface and mid-depth in Middle Tampa Bay and 22-26 ppt near the 
bottom. Hillsborough Bay and Old Tampa Bay stay between 20-22 ppt throughout the 
entire water column. 
The vertical velocity profile at the mouth of Tampa Bay stayed in the range of -
0.15 to -0.07 m s-1 throughout the entire water column with the higher negative value at 
the surface (Figure 53).  This shows that at the mouth the flow was out of the bay, even at 
the time of maximum inflow.  The vertical velocity profile at the Sunshine Skyway has 
the largest values out of all five locations, 0.85 m s-1 at the surface and 0.43 m s-1 near the 
bottom.  Middle Tampa Bay was 0.17 m s-1 at the surface and 0.24 m s-1 near the bottom.    
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Figure 49.  Baywide salinity at the end of phase 1 during Hurricane Jeanne. 
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Figure 50.  Baywide salinity at the end of phase 2 during Hurricane Jeanne. 
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Figure 51.  Salinity cross sections at the end of phase 1 during Hurricane Jeanne. 
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Figure 52.  Salinity cross sections at the end of phase 2 during Hurricane Jeanne. 
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Figure 53.  Vertical velocity profile (thick solid line) at the time of maximum inflow 
during Hurricane Jeanne.  The depth average is shown by the thin solid line. 
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Hillsborough Bay and Old Tampa Bay had the same overall shape throughout the water 
column and only differed by about 0.1 m s-1 at the surface and less than 0.03 m s-1 at the 
bottom.  During the time of maximum inflow the depth average of the vertical velocity 
profile at the Sunshine Skyway is 0.707 m s-1, the depth varying is 0.13, making the ratio 
between the two 0.18 (Table 5).  The vertical velocities at the point of maximum outflow 
show a decrease of velocities as the water was beginning to flow out of the bay (Figure 
54).  The mouth is the only location that there is a positive inflow at the surface (0.08 m 
s-1).   At the Sunshine Skyway the velocity at the surface was -0.6 m s-1 and -0.2 m s-1 
near the bottom. At the Sunshine Skyway the depth average is -0.49 m s-1, the depth 
varying is -0.121 m s-1, and the ratio is 0.247 (Table 5). 
Particle trajectories were done for Hurricane Jeanne the same way they were done 
for Hurricane Frances.  During phase 1 water parcels made their way up Tampa Bay.  
The particles released across the mouth of the bay entered the main channel on the east 
side below the Sunshine Skyway Bridge (Figure 55).  Particles released in the northern 
area of Middle Tampa Bay split towards Hillsborough Bay and Old Tampa Bay but did 
not make it across the mouths of either bay.  The particles released in Hillsborough Bay 
branched off into different directions but stayed within the bay.  Most of the particles 
released in Old Tampa Bay did not make it under the Courtney Campbell Causeway.  
During phase 2 all the particles released in Hillsborough Bay, Old Tampa Bay and 
Middle Tampa Bay did not travel far from the point of their original release (Figure 56).  
During Hurricane Jeanne the difference between the minimum (-0.486 m below 
MSL) and maximum model elevation (+0.753 m above MSL) during phase 1 was 1.24 m 
(Figure 34), resulting in a volume inflow of 91018.1 × m3.  During phase 2, the difference 
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Table 5.  Depth average, depth varying, and ratio at five different locations throughout 
the bay at times of maximum inflow (top) and maximum outflow (bottom) during 
Hurricane Jeanne. 
 
    Inflow     
Location 
Model 
Depth 
Depth 
Average 
Depth 
Varying Ratio 
Mouth of Tampa Bay (37,17) 5.46 -0.124 -0.017 0.137 
Sunshine Skyway (35,25) 10.36 0.707 0.13 0.183 
Central Tampa Bay (34,41) 5.3 0.311 -0.14 -0.45 
Hillsborough Bay (49,57) 4.01 0.191 -0.224 -1.172 
Old Tampa Bay (20,76) 4.66 0.215 -0.256 -1.19 
     
     
    Outflow     
Location 
Model 
Depth 
Depth 
Average 
Depth 
Varying Ratio 
Mouth of Tampa Bay (37,17) 5.46 -0.046 0.123 -2.652 
Sunshine Skyway (35,25) 10.36 -0.491 -0.121 0.247 
Central Tampa Bay (34,41) 5.3 -0.178 0.057 -0.32 
Hillsborough Bay (49,57) 4.01 -0.094 0.081 -0.866 
Old Tampa Bay (20,76) 4.66 -0.067 0.018 -0.264 
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Figure 54.  Vertical velocity profile (thick solid line) at the time of maximum outflow 
during Hurricane Jeanne.  The depth average is shown by the thin solid line. 
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Figure 55.  Particles released during phase 1.  Particles were released throughout the 
water column at the mouth of Tampa Bay, Middle Tampa Bay, and in the center of 
Hillsborough Bay and Old Tampa Bay. 
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Figure 56.  Particles released during phase 2. 
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in elevation is 0.52 m for a volume outflow of 81093.4 × m3.  The difference between the 
minimum ( 91009.3 × m3) and maximum ( 91021.4 × m3) total bay volumes gives a total 
volume inflow of 91012.1 × m3 (Figure 35), an increase of 31% in bay volume.  The total 
volume outflow is 8100.5 × m3, a 14% decrease. The tidal bay volume increased by 
8101.4 × m3 during phase 1 and decreased by 8100.5 × m3 during phase 2, making the 
difference between the total and tidal volume changes: 8101.7 × m3 for phase 1 and 0 m3 
for phase 2. 
Using the observed water levels from the St. Petersburg gauge, there is a change 
in water level from -0.315 m at 10:16 UTC on 9/26/04 to a high of 0.759 m at 20:18 on 
9/26/04 leading to a water level change of 1.074 m.  Using the same calculations as in 
Hurricane Frances leads to a volume change of 91011.1 × m3 which is an increase of 30% 
in bay volume during phase 1.  Water level reached a minimum of 0.158 m at 11:18 UTC 
on 9/27/04, leading to a decrease in bay volume of 910620.0 × m3, or a 16% decrease.   
 
Extratropical Storm 
 The extratropical storm passed through Tampa Bay in just a matter of hours.  
There were two phases in the passage of this winter storm.  The first phase began at 3:59 
on December 26, 2004 and contained the wind peak (24 m s-1) seen during the storm.  
The first phase only lasted a about 8 hours and during this time the winds started in the  
NW direction and then quickly reversed to the S and SE direction by the end of the phase.  
Water levels spiked at 0.8 m above MSL.  During phase 2, which began at 12:00 on  
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December 26, the winds decreased dramatically to ~10 m s-1 and stayed in the SE 
direction.   The water level during this time lowered to 0.3 m below (Figure 57). 
 The instantaneous axial current during the extratropical storm for the model and 
ADCP correspond well to one another (Figure 58).  At the near surface, during phase 1, 
model velocities peaked at +0.45 m s-1 for both the model and ADCP.  As the winds 
turned and water began to flow out of the bay during phase 2, velocities peaked at -0.9 m 
s-1. 
 At mid-depth velocities go from +0.4 m s-1 in phase 1 to -0.9 m s-1 in phase 2 for 
the model and ADCP.  At the bottom the same pattern is seen but the magnitudes have 
decreased. The ADCP shows a velocity of +0.3 m s-1 during phase 1 and -0.7 m s-1 during 
phase 2.  The model peaks at +0.25 m s-1 during phase 1 and reaches a minimum of -0.6 
m s-1 during phase 2.   
 The residual axial current at all depths shows similar behavior in the ADCP and 
the model (Figure 59).  As the water was flowing into the bay during phase 1, both the 
model and ADCP have maximums at +1.3 m s-1.  During phase 2 as the water began to 
flow out of the bay, the model has a maximum outflow of -1.0 m s-1 and the ADCP has a 
maximum of -0.9 m s-1.  The mid-depth and bottom residual currents show similar 
behavior as the near surface.  At mid-depth the residual velocity goes from +1.0 m s-1 to -
0.9 m s-1 in the model, and from +1.0 m s-1 to -1.0 m s-1 in the ADCP.  The bottom 
residual current during phase 1 is +0.6 m s-1 in the model and +0.9 m s-1for the ADCP.  
During phase 2, the model peaks at -0.6 m s-1 and the ADCP peaks at -0.8 m s-1. 
 As the Extratropical storm made its way through the bay area, it was not in phase 
with the tides (Figure 60).  At the beginning of the phase 1 the astronomical tide was  
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Figure 57.  Meteorological data for the month of December 2004.  The top panel shows 
winds speed with yearly mean (thin solid horizontal line) and ±σ (dashed line), the 
middle panel shows wind direction, and the bottom panel shows water level with mean 
and ±σ. 
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Figure 58.  Instantaneous ADCP (dotted line) velocities versus model axial current (solid 
line) during Hurricane Jeanne.  Yearly mean for each level (thin solid line) and ±σ 
(dashed line) are shown as well. 
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Figure 59.  Residual ADCP (dotted line) overplotted with model residual axial current 
(solid line) during the Extratropical Storm.  Yearly mean for each level (thin solid line) 
and ±σ (dashed line) are shown as well. 
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Figure 60.  Model velocity (black) overplotted with tidal fit (blue) and the difference 
between model and tidal (red). 
 
 
 
  
109 
falling as the storm was forcing water into the bay.  During phase 2, as the astronomical 
tide was rising, the observed velocities were still negative and flowing out of the bay. 
The RMS velocities for the tidal flow and average of December 2001-2003 are 
very similar (Figure 61).  The tidal flow is about 0.01 m s-1 stronger at the surface and 
0.01 m s-1 stronger at the surface but is similar to the average of December 2001-2003 
throughout the rest of the water column.  Phase 1 is weaker than phase 2 everywhere 
except at the surface where phase 1 is about 0.01m s-1 faster than phase 2.  As the relative 
depth increases, velocity in phase 1 is stronger than in both the tidal component and 
December 2001-2003 average.  Between the relative depths of 0 and -0.25, the RMS 
velocity of phase 1 decreases from 0.33 m s-1 to 0.17 m s-1 whereas phase 2 only 
decreases from 0.32 m s-1 to 0.23 m s-1.  Towards the bottom, the velocity profiles in all 
five cases have similar shapes but different magnitudes.   
 The residual circulation during the extratropical storm was different from the 
Hurricane Frances and Jeanne.  The tidal flow at the surface during the time of maximum 
inflow shows the astronomical tidal velocity flowing out of the bay at relatively high 
speeds (Figure 62).  The tidal velocity is flowing out through the main ship channel with 
speeds up to 105 cm s-1 and between 45-75 cm s-1 through the mouth of Old Tampa Bay.  
The total flow shows velocities going into the bay in the NE direction in the bottom half 
of Middle Tampa Bay with speeds between 45 and 90 cm s-1.  The velocities in the top 
half of Middle Tampa Bay are flowing in the eastward direction, whereas velocities in the 
northern parts of Hillsborough Bay and Old Tampa Bay are flowing in the southeastward 
direction.  The difference plot between the total and tidal shows the effects due mostly to 
the winds.  The velocities reach maximums of 120 cm s-1 throughout the entire width of 
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Figure 61.  Vertical RMS velocity for all model layers during the Extratropical Storm.  
Vertical RMS velocity was calculated for the 3 days during the Extratropical Storm (red), 
the tidal component of the same 3 days (blue), for averaged Septembers 2001-2003 
(green), phase 2 (orange), and phase 1 (yellow). 
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Figure 62.  Maximum surface inflow during phase 1 of the Extratropical Storm.  The tidal component is show on the 
left, the total component is in the middle, and the difference between total and tidal components is on the right. 
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Middle Tampa Bay.  Velocities are extremely high due to the winds overcoming the 
outflow of the tides to force flow into the bay.  At mid-depth the velocities reach 75 cm s-
1
 for the tidal flow and 60 cm s-1 for the total flow.  The difference plots at mid-depth 
show velocities reaching maximums of 120 cm s-1 at the mouth of the bay and the 
Sunshine Skyway, and 90 cm s-1 through Middle Tampa Bay (Figure 63).  At the bottom, 
velocities are strongest again in the non-tidal velocity reaching values up to 60 cm s-1 in 
lower Tampa Bay (Figure 64).  The tidal flow velocity shows the tides flowing out of the 
bay at about 30 cm s-1 and the total flow shows an inflow between 0 to 15 cm s-1. 
 At the point of maximum outflow the tidal flow shows the tides flowing in and 
out at slow speeds of 0-15 cm s-1 at all depths (Figures 65, 66, and 67).  In the total flow 
velocities range from 45-105 cm s-1 at the surface, 30-105 cm s-1 at mid-depth, and 0-45 
cm s-1 at the bottom.  The total outflow at the surface is strongest (105 cm s-1) at the 
mouth of the bay.  At mid-depth and bottom the maximums are seen near the mouth of 
the bay ranging from 60-105 cm s-1 at mid-depth and 15-60 cm s-1 at the bottom.  
Velocities are between 60-105 cm s-1 at the mouth at the surface and at mid-depth.  At the 
bottom velocities range from 15-60 cm s-1 at the mouth.   
At the end of phase 1 of  the extratropical storm, elevations were highest on the western 
side of Middle Tampa Bay reaching values of 1.1 m above MSL (Figure 68).  At this 
time the tides were making their way out of the bay while the winds were trying to push 
water into the bay, causing a pile up of water in this area.  Elevations in Old Tampa Bay 
and at the mouth of the bay were the lowest at this time with values of 0.5 m above MSL.  
At the end of phase 2 the entire bay elevation had lowered between 0.4-0.5 m below MSL 
(Figure 69).   
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Figure 63.  Maximum mid-depth inflow during phase 1 of the Extratropical Storm.  The tidal component is show on the 
left, the total component is in the middle, and the difference between total and tidal components is on the right. 
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Figure 64.  Maximum bottom inflow during phase 1 of the Extratropical Storm.  The tidal component is show on the 
left, the total component is in the middle, and the difference between total and tidal components is on the right. 
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Figure 65.  Maximum surface outflow during phase 2 of the Extratropical Storm.  The tidal component is show on the 
left, the total component is in the middle, and the difference between total and tidal components is on the right. 
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Figure 66.  Maximum mid-depth outflow during phase 2 of the Extratropical Storm.  The tidal component is show on 
the left, the total component is in the middle, and the difference between total and tidal components is on the right. 
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Figure 67.  Maximum bottom outflow during phase 2 of the Extratropical Storm.  The tidal component is show on the 
left, the total component is in the middle, and the difference between total and tidal components is on the right. 
  
118 
 
 
 
Figure 68.  Baywide elevation at the end of phase 1 of the Extratropical Storm. 
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Figure 69.  Baywide elevation at the end of phase 2. 
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During phase 1 salinity stayed constant at the mouth of Tampa Bay (32 ppt) and 
Hillsborough Bay (27 ppt, Figure 70).  Salinity rose to 33 ppt at the Sunshine Skyway, 
29.5 ppt in Middle Tampa Bay, and 25 ppt in Old Tampa Bay.  During phase 2, salinity 
stayed constant at the mouth of the bay and Hillsborough Bay.  At the Sunshine Skyway 
salinity decreased throughout the duration of phase 2 and had a minimum at 29 ppt.    In 
Middle Tampa Bay salinity decreased to 27 ppt and to 24 ppt in Old Tampa Bay.  
Salinities at the end of phase 1 were high through most of the bay.  The highest salinities 
are in lower Tampa Bay with values of 32 ppt (Figure 71).  Salinities between 26 and 32 
ppt are seen throughout Middle Tampa Bay.  In Old Tampa Bay, salinities range from 28 
ppt at the mouth to 20 ppt towards the northern area of the bay.  Salinities didn’t change 
much at the end of phase 2 and was between 28-32 ppt throughout a large portion of the 
bay (Figure 72).   
The salinity cross sections at the end of phase 1 show that the entire cross-section 
had a salinity of 32 ppt (Figure 73).  Across Middle Tampa Bay more saline water are 
found on the east side (~28-30 ppt) of the bay than on the west side (~24 ppt).  At the 
mouth of Hillsborough Bay, most of the cross-section has a salinity of 26 ppt and Old 
Tampa Bay has a salinity of 28 ppt and a small section on the west side with a salinity of 
30 ppt.  At the end of phase 2, salinity ranges for all four cross-sections stayed relatively 
constant (Figure 74).  Across the Sunshine Skyway salinities of 28 ppt are seen at the 
surface on the west side and 30 ppt everywhere else.  Across Middle Tampa Bay more 
saline waters (~28 ppt) are on the east side with less saline waters (~26 ppt) on the west 
side.  In Hillsborough Bay the higher salinity (28 ppt) water is located in the middle of  
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Figure 70.  Line plots of surface salinity at different locations in the bay for December 
2004.  The 2004 mean for each location is shown in the thin black line, and ± 1σ are 
shown by the dashed lines. 
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Figure 71.  Baywide salinity at the end of phase 1 during the Extratropical Storm. 
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Figure 72.  Baywide salinity at the end of phase 2 during the Extratropical Storm. 
 
  
 
 
  
124 
 
 
 
Figure 73.  Salinity cross sections at the end of phase 1 during the Extratropical Storm. 
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Figure 74.  Salinity cross sections at the end of phase 2 during the Extratropical Storm. 
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the cross- section with lower saline water (26 ppt) on each side.  At the mouth of Old 
Tampa Bay, the cross-section has a salinity of 24 ppt.   
The high winds during the extratropical storm did not last for a long period of 
time, causing the winds to affect only a small portion of the bay.  The velocities at the 
time of maximum inflow show that the winds had the largest effects at the surface.  The 
velocity profiles for Middle Tampa Bay and Sunshine Skyway were positive throughout 
the entire water column (Figure 75).  The highest velocities are seen at the Sunshine 
Skyway with velocities around 0.6 m s-1 at the surface and 0.1 m s-1 at the bottom.  Both 
Hillsborough Bay and Old Tampa Bay have positive velocities at the surface and 
negative velocities at the bottom.  At the Sunshine Skyway the depth average of the 
velocity is 0.298 m s-1, the depth varying is 0.278 m s-1, and the ratio between the depth 
average and depth varying is 1.868.  These values for the other four locations can be seen 
in table 6.  At the point of maximum outflow the velocity profiles are negative throughout 
the entire water column at every location except in Old Tampa Bay (Figure 76).  There is 
a small positive flow at the bottom of Old Tampa Bay.  In Middle Tampa Bay the 
velocity profile shows a negative velocity (-0.26 m s-1) at the surface and slightly positive 
(0.02 m s-1) near the bottom.  The strongest outflow velocities are seen at the Sunshine 
Skyway and at the mouth of the bay.  At the surface velocities reach a high of -1.1 m s-1 
at the Sunshine Skyway and -0.65 m s-1 at the mouth.  At the bottom the velocities 
weaken to -0.5 m s-1 at the Sunshine Skyway and -0.2 m s-1 at the mouth of the bay.  The 
depth average, depth varying, and ratio at the Sunshine Skyway during the time of 
maximum outflow was -0.848 m s-1, -0.26 m s-1, and 0.306 (Table 6).
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Figure 75.  Vertical velocity profile (thick solid line) at the time of maximum inflow 
during the Extratropical Storm.  The depth average is shown by the thin solid line. 
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Table 6.  Depth average, depth varying, and ratio at five different locations throughout 
the bay at times of maximum inflow (top) and maximum outflow (bottom) during the 
Extratropical Storm. 
 
    Inflow     
Location 
Model 
Depth 
Depth 
Average 
Depth 
Varying Ratio 
Mouth of Tampa Bay (37,17) 5.46 -0.309 0.122 -0.395 
Sunshine Skyway (35,25) 10.36 0.298 0.278 0.934 
Central Tampa Bay (34,41) 5.3 0.12 0.209 1.868 
Hillsborough Bay (49,57) 4.01 0.062 0.206 3.314 
Old Tampa Bay (20,76) 4.66 0.011 0.158 14.73 
     
     
    Outflow     
Location 
Model 
Depth 
Depth 
Average 
Depth 
Varying Ratio 
Mouth of Tampa Bay (37,17) 5.46 -0.395 -0.142 0.36 
Sunshine Skyway (35,25) 10.36 -0.848 -0.26 0.306 
Central Tampa Bay (34,41) 5.3 -0.345 -0.179 0.51 
Hillsborough Bay (49,57) 4.01 -0.075 -0.104 1.4 
Old Tampa Bay (20,76) 4.66 -0.095 -0.162 1.71 
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Figure 76.  Vertical velocity profile (thick solid line) at the time of maximum outflow 
during the Extratropical Storm.  The depth average is shown by the thin solid line. 
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Due to phase 1 only being a few hours long during the extratropical storm the 
particles released did not travel far up the bay (Figure 77).  The particles released at the 
mouth made it to the Sunshine Skyway Bridge and the particles released in the main 
channel, Hillsborough Bay, and Old Tampa Bay stayed relatively close to their initial 
release.  During phase 2, all the particles that were released started to make their way out 
of the bay (Figure 78).  The particles released in the middle of Old Tampa Bay and 
Hillsborough Bay made it to the mouths of each bay.  Particles released in the main 
channel made it down to the Sunshine Skyway Bridge.  
The minimum and maximum model elevations during phase 1 where -0.105 m 
and 1.02 m, resulting in a difference of 1.13 m and an inflow volume of 91007.1 ×  m3 
(Figure 34).  During phase 2 the elevation difference is 1.58 m resulting in a volume 
outflow of 91051.1 × m3.  The difference between the minimum ( 9104.3 × m3) and 
maximum ( 91025.4 × m3) total bay volumes gives a total volume inflow of 8105.8 × m3, 
an increase of 24% in bay volume (Figure 35).  The total volume outflow is 81027.1 × m3, 
a 35% decrease.  The tidal bay volume does the opposite of the total bay volume, it 
decreases during phase 1 and increases during phase 2.  The tidal volume decreases by 
8109.6 × m3 and increases by 8107.3 × m3, making the difference between the total and 
tidal volume changes: 91054.1 × m3 for phase 1 and 91064.1 × m3 for phase 2. 
Using the observed data from the St. Petersburg gauge, there is a change in water level 
from -0.161 m at 22:60 UTC on 12/25/04 to a high of 0.831 m at 10:30 on 12/25/04 
leading to a water level change of 0.992 m.  Using the same calculations as before; results 
in a volume change of 1.02 billion m3 and a 27% increase in bay volume.  Water level  
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Figure 77.  Particles released during phase 1.  Particles were released throughout the 
water column at the mouth of Tampa Bay, Middle Tampa Bay, and in the center of 
Hillsborough Bay and Old Tampa Bay. 
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Figure 78.  Particles released during phase 2. 
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reached a minimum of -0.343 m at 16:36 UTC on 12/26/04, leading to a decrease in bay 
volume of 1.21 billion m3, or a 32% decrease.    
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Chapter Five 
Summary & Discussion 
 The focus of this study was to observe how an estuary (Tampa Bay) responds to 
extreme events.  The large exchange between an estuary and coastal ocean during an 
extreme event can reset the bay by increasing flushing over short periods of time.  The 
number of hurricanes that have affected the Tampa Bay area has increased within the past 
few years. During the month of September 2004, Tampa Bay was affected by three 
hurricanes within one week from each other.  A model was used to simulate the changes 
in residual circulation caused by the extreme events. 
Observed velocities and water levels during each event were much different than 
times when there were no extreme events in the bay area.  Each extreme event had its 
own characteristics, however they each affected the bay in a similar matter by flushing a 
large volume of water into the bay.   One of the most important differences between each 
extreme event is the duration of each event: Hurricane Frances lasted approximately two 
and a half days, Hurricane Jeanne was in the bay area for about twenty-four hours, and 
the extratropical storm came and left within 12 hours.  The time duration of each event is 
a large factor on the effects each event had on the bay. 
Observed wind speeds during Hurricane Frances were six standard deviations 
higher than the 2004 mean (4.1 m s-1) and water levels at the St. Petersburg station were 
four standard deviations higher.  Observed axial currents in the ship channel under the 
  
135 
Sunshine Skyway Bridge were two standard deviations above the mean during times of 
inflow and outflow at all depths.  Strong currents in the residual flow associated with 
Frances occurred at all depth levels and were more than three standard deviations above 
the normal residual current.  The model reproduces these observed changes (there are 
some differences between ADCP and model velocities, but this might be due to the fact 
that the ADCP and model depths do not match).  Salinities stayed within one to two 
standard deviation of the yearly mean throughout most of the bay.   
 During Hurricane Jeanne wind speeds were seven standard deviations higher than 
the mean and water levels were two standard deviations above the mean.  The axial 
currents speed associated with Hurricane Jeanne were two standard deviations during the 
inflow and a bit higher than one standard deviation during the outflow.   The residual 
axial currents were within three standard deviations in the ADCP data and six in the 
model during the inflow period, and both the ADCP and model were within six standard 
deviations during the outflow period.  The mismatch between the observed and model 
velocity is possibly due to the model winds being no larger than 20 m s-1 (because of the 
lack of wetting and drying capabilities of the model) during Hurricane Jeanne.  As Jeanne 
came and left the bay area it came in phase with the tides, however skipped half a tidal 
cycle that occurred between phase 1 and 2 (Figure 38).  As Jeanne came through the tides 
were flowing into the bay and the winds were blowing in the southward and 
southeastward direction.  Salinities stayed within two standard deviation of the yearly 
mean in the five locations seen on figure24.   
 During the extratropical storm, wind speeds were seven standard deviations 
higher than the mean and elevation was almost four standard deviations higher in 
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December, 2004.  The axial current inflow stayed within one standard deviation but the 
outflow was slightly higher than two standard deviations of the yearly mean at all depths.  
The residual axial currents seen in the model and in the ADCP at all depths were about 
five standard deviations higher than the mean during times of inflow and outflow.  
Salinities through most of the bay stayed within one standard deviation of the yearly 
mean.  
In all three events winds were observed to reach highs between 23 – 25 m s-1.  
During Hurricane Frances and Jeanne the winds had the same overall pattern as the 
hurricanes passed through the bay.  As the hurricanes approached winds were towards the 
S and SE direction and then the winds shifted to the northward and northeastward during 
Frances and eastward during Jeanne.  During the extratropical storm the winds started in 
the northward direction, quickly shifted to the southward, southeastward direction, and 
stayed in the southeastward direction during the duration of the storm.   
Water levels were higher during Hurricane Frances and the extratropical storm.  
Though higher wind speeds were seen during Hurricane Jeanne, the duration (~8 hours) 
of strong winds was not as long as seen during Hurricane Frances (~16 hours).  The 
extratropical storm was not in phase with the tides, so as the tides were flowing out of the 
bay, the winds were pushing water into the bay causing a bulge of water in the middle of 
the bay with higher water levels in the area near the St. Petersburg water level station.  
The residual circulation from the model shows the effects of the extreme events 
on Tampa Bay.  The inflow current velocities caused mainly by the winds are lowest 
during Hurricane Jeanne.  The effects of the winds during times of maximum inflow can 
be seen throughout the entire bay during Hurricane Frances and Jeanne, whereas during 
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the extratropical storm the wind effects are seen primarily in the main channel of the bay.  
As each event came to an end all the water that was pushed into the bay began to flush 
out of the bay.  The high winds that occur simultaneously during these events directly 
impact the circulation of the bay by increasing wind and density-driven components of 
the non-tidal circulation.   The changes in circulation produce a significant flushing of 
Tampa Bay over time scales of the extreme events.  The subsequent duration of the 
changes of these events were not investigated in this study 
The highest ratios between the depth average and depth varying are seen in 
Hillsborough Bay and Old Tampa Bay, meaning that the depth varying component is 
more important for these areas during these extreme events.  For all three extreme events 
at the time of maximum inflow, Hillsborough Bay and Old Tampa Bay have the highest 
ratios of all five locations and are all positive.  During the time of maximum outflow the 
highest ratios are still seen in Hillsborough Bay and Old Tampa Bay, however, during 
Hurricane Jeanne the ratio is highest at the mouth of the bay.  During Hurricane Frances 
and Jeanne the ratios are mostly negative during the time of maximum outflow but 
positive during the Extratropical Storm.  The lowest ratios are seen mostly at the 
Sunshine Skyway, possibly due to the winds not highly affecting the flushing out of the 
tides.  Each storm impacted the bay in each location differently as seen by the ratios of 
the depth average versus the depth varying in tables 4, 5, and 6.    
The volume of water that was flushed into the bay during times of inflow was 
different for each event.  However the excess amount of water from each event was still 
large enough to cause flushing throughout the entire bay.  Each extreme event was 
different in its on way but all three still had the same overall result on the bay, causing 
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changes in the circulation, and mixing and overturning of the bay due to wind stress and 
excess amounts of water entering the bay.  Due to large volumes of water flushing in and 
out of the bay during time periods of half a day to two days, we can infer that this would 
also cause residence times to shorten during these extreme events. 
The comparison between particle counts for September 2002 and 2004 shows 
how three hurricanes during September 2004 effected flushing times in the bay.  Towards 
the end of September 2004 (Figure 79) the particle count goes below the e-folding scale 
line, whereas during September 2002 it does not.  This shows that the hurricanes that past 
during September 2004 caused water to flush out of the bay at a faster rate then during 
September 2002 when no extreme events had occurred.  The same thing is seen when 
comparing December 2002 to December 2004 (Figure 80).  In 2002 the particle count 
does not reach the e-folding line.  In 2004, the particle count reaches this line by the end 
of the month a few days after the extratropical storm passed.  
The effects of extreme events in the Tampa Bay area is still a fairly new subject 
and there have not been many studies done.  There is much more work that needs to be 
done in future studies to help understand these extreme events.  In the future, conditions a 
few days before and after the storm may be studied to see what the circulation in the bay 
was just before an extreme event and how it reacts a few days after the storm leaves.  
Knowing the conditions before a storm can help to see how long it takes the bay to return 
to its prior conditions after a storm has passed.  Water quality measurements before and 
after an extreme event can be used and compared to see if extreme events cause any “bad 
stuff” (harmful algal blooms or remnants from an oil or phosphate spill) to be cleaned out 
of the bay.  Each variable examined in this study can be looked at in much more detail to  
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Figure 79.  Total number of particles in Tampa Bay during September 2002 (top) and 
September 2004 (bottom). 
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Figure 80.  Total number of particles in Tampa Bay during December 2002 (top) and 
December 2004 (bottom). 
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get more specific results on how a storm impacts each particular variable.  Including a 
wetting-drying capability would better improve model output.  Also using better 
boundary conditions and improving model resolution in regions of steep bathymetry 
would help to narrow the gap between the model output and the observation data.  An 
example would be to improve the model grid so orientation at the Egmont Channel 
matches better with the bathymetry of the area, so that it is not a source of error in the 
model.    With higher resolution the bathymetry used in the model would resemble 
Tampa Bay better and by improving boundary conditions we could improve the results at 
the mouth of the bay.   
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